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LiCoO2 is one of the most important cathode materials for high energy density lithium ion batteries. The compressed
behavior of LiCoO2 under high pressure has been investigated using synchrotron radiation x-ray diffraction. It is found
that LiCoO2 maintains hexagonal symmetry up to the maximum pressure of 30.1 GPa without phase transition. The
elastic modulus at ambient pressure is 159.5(2.2) GPa and its first derivative is 3.92(0.23). In addition, the high-pressure
compression behavior of LiCoO2 has been studied by first principles calculations. The derived bulk modulus of LiCoO2 is
141.6 GPa.
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1. Introduction
Efficient and durable energy storage is an important factor

limiting the development of renewable energy. Compared with
other energy systems, chemical power has been widely stud-
ied because of its higher energy conversion efficiency, safe and
convenient use, and environmental friendliness. Lithium-ion
batteries, as a promising new type of chemical power supply,
have a series of advantages over other batteries, including (i)
high monomer voltage (generally about 3.6 V, three times as
high as traditional Ni–Cd, Ni–MH and Pb-acid batteries); (ii)
high energy density (up to 300 Wh/kg, 6–7 times as high as
the traditional Pb-acid batteries, 3–4 times as high as the con-
ventional Ni–Cd and Ni–MH batteries); (iii) long life cycle
(up to 10000 cycles); (iv) no memory effect; and (v) environ-
mental friendliness. Lithium ion batteries have been applied
and developed more and more because of their advantages.
Applications not only expand the market scope of lithium-
ion batteries, but also put forward higher requirements for
the performance of lithium-ion batteries. One of the popular
cathode materials for lithium-ion batteries is lithium cobaltite
(LiCoO2).[1]

LiCoO2 has a remarkable property of allowing reversible
removal and reinsertion of lithium.[2] Due to its excellent elec-
trochemical properties, LiCoO2 has become one of the most

widely used cathode materials in lithium-ion batteries.[3] Pres-
sure can tune the distance of atoms in the material, and can
make the atoms arrange in a more compact way. Pressure
can also change the structural, physical, and chemical prop-
erties, e.g., pressure-induced phase transition, metallization,
strength,[4] and texture. High-pressure science has been in-
tegrated in the fields of physics, material science, chemistry,
earth science, and others. Lithium atoms in LiCoO2 are in-
tercalated between cobalt oxide layers, and are combined with
the nearest six oxygen atoms to form lithium oxide octahe-
dron. The Li–O bond is much weaker than the Co–O bond.
Under certain conditions, Li+ can be intercalated and detached
from the CoO layers, making LiCoO2 an ideal intercalation
material for lithium ion batteries. The conductivity of lithium
ion is high because of the two-dimensional movement of the
lithium ion between the strong bonded CoO layers. In addi-
tion, the octahedron distribution of CoO6 makes the interac-
tion between Co and Co in the form of Co–O–Co, and the
electronic conductivity is also high. The physical properties
of LiCoO2 at high pressure are closely related to its structure
and electrochemical properties.[5] Thus, a deep understand-
ing of the connection between crystal structure and electro-
chemical properties (such as Li+ migration properties under
high pressure) may help to improve the efficiency of layered
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LiCoO2 cathode materials for lithium-ion batteries. For ex-
ample, Fell et al.[6] found that the structural modification of
LiNixCoyMnzO2 induced by the high pressure and high tem-
perature treatment is retained in the quenched samples, which
results in electrode characteristics different from those of pris-
tine materials. Although LiCoO2 is one of the important cath-
ode materials for lithium-ion batteries, there are few reports
on its structures and compressed properties. Wolverton and
Zunger[7] reported a phase transition of LiCoO2 from the lay-
ered phase to a cubic phase at ∼ 3 GPa by ab initio calcula-
tions. Wang et al.[8] performed high-pressure x-ray diffraction
(XRD) of LiCoO2 up to 26 GPa using nitrogen as the pressure
transmitting medium. The authors found no phase transition
and derived the zero-pressure bulk modulus and its first pres-
sure derivate as 149(2) GPa and 4.1(0.3), respectively. Wu
et al.[9] calculated the mechanical properties of LiCoO2 un-
der high pressure by first principles, and the authors obtained
the bulk modulus of 166.74 GPa. Xu et al.[5] investigated the
high-pressure structure of LiCoO2 up to 20.3 GPa with sil-
icone oil as the pressure transmitting medium. The authors
found no structural phase transition and gave the derived bulk
modulus as 118.5 GPa.

Despite several experimental and theoretically calculated
results for LiCoO2, the obtained bulk moduli are strongly dif-
ferent from each other (118.5–166.74 GPa),[5,8,9] and the dif-
ferences call for a further study. Thus, in the present work,
the phase transition and equation of state of LiCoO2 up to
30.1 GPa are investigated using angle dispersive XRD tech-
nique in a diamond anvil cell (DAC) with silicone oil as the
pressure transmitting medium.

2. Experimental details
The LiCoO2 (99.5%) sample was purchased from Alfa

Aesar company. At ambient pressure, LiCoO2 has a hexago-
nal crystal structure (α-NaFeO2 prototype), with space group
of R-3m (see Fig. 1). In the high-pressure XRD experiments,
a modified Mao–Bell DAC with 400 µm diameter culet was
used. A T301 gasket was pre-indented to ∼ 35 µm, and a
sample hole with a diameter of 140 µm was made using laser.
Silicone oil can maintain a good quasi-hydraulic pressure en-
vironment below 20 GPa, and is superior to the 4:1 alcohol
mixture beyond 20 GPa.[10] Thus, silicone oil was used as
a pressure transmitting medium. A ruby with a diameter of
10 µm was used as the pressure sensor,[11] and placed on the
top of the sample center.

In situ synchrotron radiation high-pressure XRD exper-
iments were performed at 4W2 beam line of Beijing Syn-
chrotron Radiation Facility (BSRF), Chinese Academy of Sci-
ences. The incident monochromatic x-ray beam with a wave-
length of 0.6199 Å was focused by a pair of Kirkpatrick–Baez
mirrors, and the full width at half maximum (FWHM) of the

spot was 30 µm (vertical) ×10 µm (horizontal). The diffrac-
tion patterns were collected by a Pilatus detector. The distance
between sample and detector and the orientation of the detec-
tor were calibrated using CeO2 standard. The exposure time of
each XRD pattern was 10–12 min. The accumulated images
were processed and analyzed by the Fit2D software.[12]
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Fig. 1. Crystal structure of the investigated LiCoO2 at ambient pressure.

3. Theoretical calculation details
Density functional theory (DFT) calculations, including

structural optimizations and enthalpies, were performed us-
ing the Vienna ab-initio simulation package (VASP)[13] code
which employs the Perdew–Burke–Ernzerhof[14] exchange-
correlation functional. The 2s1, 3d74s2, and 2s22p4 elec-
trons were treated as the valence electrons for Li, Co, and
O, respectively. The cutoff energy was 600 eV and the
Monkhorst–Pack grid was 2π× 0.06 Å−1 in reciprocal space
to ensure that all enthalpy calculations were well converged
to about 1 meV/atom. The LiCoO2 has a hexagonal struc-
ture (space group R-3m) with lattice parameters a = 2.8166 Å,
c = 14.0520 Å, α = β = 90◦, and γ = 120◦ at ambient pres-
sure. There are three inequivalent crystallographic sites per
cell, labeled as Li1, Co1, and O1, occupying the 3b (0, 0, 1/2),
3a (0, 0, 0), and 6c (0, 0, x) (x = 0.260) positions, respectively.
The bulk modulus (K0) and its first derivative (K′0) were de-
rived from fitting the calculated volume–pressure data by the
third-order Birch–Murnaghan equation of state (EOS).

4. Results and discussion
4.1. General

The accumulated diffraction patterns were analyzed by
Fit2D software.[12] The maximum experimental pressure is
30.1 GPa; and the pressure is derived from the ruby marker.[11]

The selected 2θ–intensity diffraction patterns of LiCoO2 un-
der different pressures are shown in Fig. 2. Six diffraction
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peaks of LiCoO2 which are indexed to (003), (101), (006),
(104), (015), and (009) can be observed in all diffraction pat-
terns. There are neither new diffraction peaks appearing nor
old diffraction peaks disappearing, indicating no crystal phase
transition of LiCoO2 in the experimental pressure range.
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Fig. 2. Representative diffraction patterns of LiCoO2 under different
pressures.

4.2. Hydrostatic EOS

The compressibilities of the a and c axes of LiCoO2 with
pressure are shown in Fig. 3. It can be seen that parameters
a and c decrease continuously with the increasing pressure,
indicating that the LiCoO2 sample maintains the hexagonal
structure in the entire pressure range. Although the experi-
mental values are in good agreement with the theoretically cal-
culated ones of the present work, there are minor differences.
As DFT transforms the actual multi-electron problem into a
single-electron problem, and gives a method for calculating
the effective potential of a single electron. The total energy of
an electron gas is only a function of the electron density. The
minimum value of energy functional is the ground state energy
of the system, and the density corresponding to it is the ground
state density of a single particle. The widely used approxi-
mation is the generalized-gradient approximation (GGA). The
exchange correlation energy in the GGA approximation is not
only related to the density, but also related to the density gra-
dient. On the other hand, the temperature of electronics cal-
culated by DFT is absolute zero, but the temperature of elec-
tronics in real materials at ambient conditions is not absolute
zero. In addition, the compression ratio of LiCoO2 along the c
axis is about 2.6 times of the compression rate along the a axis
in this work, much less than the value (4.5) obtained by Xu et
al.[5] The compression ratio of the a axis in the present work
is close to the value of Xu et al.[5]

The variation of c/a with pressure is shown in Fig. 4. It
can be seen that, the results below 15 GPa of the present work
are inconsistent with the results obtained by Wang et al.,[8]

but less than those of Wang et al.[8] over 15 GPa. On the other
hand, the results of this work are slightly smaller than those

of Xu et al.[5] below 6 GPa, while significantly larger than the
values derived by Xu et al.[5] above 6 GPa.
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Fig. 3. Compressibility of the normalized lattice parameters of LiCoO2
compared with the data obtained by Xu et al. (Ref. [5]).
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Fig. 4. The c/a ratio of LiCoO2 versus pressure compared with the data
obtained by Wang et al. (Ref. [8]) and Xu et al. (Ref. [5]).

The unit cell volumes as a function of pressure are shown
in Fig. 5. For comparison, the results obtained in earlier XRD
under quasi-hydrostatic compressions are also presented.[5,8]

It is evident from Fig. 5 that the fit to the present experimental
data is very good.

The unit cell volume as a function of pressure was fit-
ted using the third-order Birch–Murnaghan EOS to obtain the
bulk modulus (K0) and its first derivative (K′0). The third-order
Birch–Murnaghan EOS is expressed as follows:[15]

P = 1.5K0

[(
V0

V

)7/3

−
(

V0

V

)5/3]
×
{

1+
3
4
(K′0−4)

[(
V0

V

)2/3

−1
]}

, (1)

where K0, K′0, and V0 are the bulk modulus, its first derivate,
and the unit-cell volume at ambient conditions, respectively.

The comparison between the present results and the pre-
viously reported[5,8,9] bulk modulus and its pressure derivative
of LiCoO2 is shown in Table 1. The first derivative of the bulk
modulus is close to 4 in the present results, indicating that the
data has a good accuracy. The experimental bulk modulus of
this work is inconsistent with the experimental result obtained
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by Wang et al.,[8] the GGA calculation result derived by Wu et
al.,[9] and the LDA calculation result obtained by Xu et al.,[5]

but much larger than the experimental result of Xu et al.[5] On
the other hand, the result of GGA calculation of the present
work is inconsistent with the experimental result obtained by
Wang et al.[8] and the result of GGA calculation by Xu et al.[5]

Pressure/GPa
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Fig. 5. Compression curves of LiCoO2. The line is a Birch–Murnaghan
equation fitted to the present experimental data. The dotted line is
a Birch–Murnaghan equation fitted to the theoretical calculation data.
The solid diamonds are the static compression data from Ref. [8]. The
solid circles are the static compression data obtained by Xu et al.[5]

Table 1. Summary of the bulk modulus (K0) and its pressure derivative
(K′0) of LiCoO2 obtained with various methods.

K0/GPa K′0 Method PTM Ref.
159.5(2.2) 3.92(0.23) x-ray Si oil present work

141.6 4.52 GGA –
118.5 4(fixed) x-ray Si oil Xu et al.[5]

168.5 4.67 LDA –
142.9 4.51 GGA –
149(2) 4.1(0.3) x-ray nitrogen Wang et al.[8]

166.74 – GGA – Wu et al.[9]

Note: PTM: pressure transition medium; Si oil: silicone oil; GGA: the gener-

alized gradient approximation.

4.3. Bond length

The relationship between the Li–O and Co–O bond
lengths in LiCoO2 under high pressure by first-principles cal-
culation is shown in Fig. 6. It can be seen that, the bond lengths
of Li–O and Co–O decrease with increasing pressure. At am-
bient pressure, the bond length of Co–O is longer than that of
Li–O. In addition, the bond energy of Co–O is smaller than
that of Li–O. Thus, the Co–O bond length is vastly more com-
pressible than the Li–O length. The reduction of the Li–O
bond length makes the activation energy required for the Li-
ion transition greater. In addition, the decrease of the Co–O
bond length will increase the rejection between Co-ion and Li-
ion. Therefore, the decrease of Li–O and Co–O bond lengths
at high pressure makes the transition of Li-ion in LiCoO2

difficult.[5,16]

There are only two s1 electrons in a Li ion, and the Li ion
is relatively smaller than the Co ion. Thus, the bond length of
Li–O is shorter than that of Co–O. In the other hand, the only

two inner electrons of Li ions are stronger and not easy to be
compressed than the Co ions. As a result, the c axis is much
easier to compress compared to the a axis, and O atoms will
gradually move in the direction of Co at elevated pressure. The
compressive behavior of O1 x under high pressure is shown in
the inset of Fig. 6.
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Fig. 6. The Li–O and Co–O bond lengths of LiCoO2 as a function of
pressure obtained by first-principles calculation. Inset is the x of O1 as
a function of pressure.

5. Conclusion
In summary, we have investigated the phase transition and

equation of state of LiCoO2 up to 30.1 GPa. The result was ob-
tained in a modified Mao–Bell DAC under quasi-hydrostatic
compression using axial XRD technique at ambient tempera-
ture and showed no phase transition. The obtained bulk mod-
ulus and its first derivative are 159.5(2.2) GPa and 3.92(0.23),
respectively. The experimental bulk modulus of the present
work is slightly higher than the reported experimental results.
The bond lengths of Li–O and Co–O decrease at elevated pres-
sure, which makes the transition of Li-ion in LiCoO2 very dif-
ficult.
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