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Abstract

Thin film rechargeable battery has become a research hotspot because of its small size and high energy density. Lithium cobalt
oxide as a typical cathode material in classical lithium ion batteries is also widely used in thin film rechargeable batteries. In this
work, the electrochemical, mechanical and thermal properties of LiCoO, were systematically investigated using the first
principles method. Elastic constants under hydrostatic pressures between 0 to 40 GPa were computed. Specific heat and Debye
temperature at low temperature were discussed. Thermal conductivity was obtained using the imposed-flux method. The results
show good agreements with experimental data and computational results in literature.
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1. Introduction

Efficient and durable energy storage is one of the major factors limiting the development of renewable energy.
Since lithium-ion batteries were first commercialized by Sony in 1991, they have played a significant role in energy
storage devices. Among all of these energy storage devices, one of the promising secondary batteries is thin film
rechargeable lithium ion batteries. They are similar to conventional lithium ion batteries, but they are made of
thinner materials [1]. Thin film lithium ion batteries are composed of cathode, anode, electrolyte, current collector
and separator [1]. Compared to the conventional lithium ion batteries, thin film rechargeable batteries exhibit the
same voltage and current, but they have a lighter weight and have a better cycle life due to less polarization. These
properties make thin film lithium ion batteries unique to the application of portable electronics and medical devices.

One of the commonly used positive electrode materials in lithium-ion batteries is lithium cobalt oxide (LiCoO5,)
developed by Goodenough and Mizushima in 1980s [2]. Like conventional lithium ion batteries, LiCoO, can also be
applied to thin film rechargeable lithium ion batteries.

The cathode materials in conventional lithium-ion batteries operate by inserting or extracting lithium ions into
and from the host (see Fig.1) [3]. Ordering of lithium and vacancies has a significant effect on the physical and
electrochemical properties of the host materials [4]. Due to the excellent electrochemical properties of lithium cobalt
oxide, it becomes one of the most widely used cathode materials in lithium-ion batteries. Lithium cobalt oxide
consists of layers of lithium that lie between slabs of octahedron formed by cobalt and oxygen atoms [5]. Both
lithium and cobalt are octahedrally coordinated by oxygen. The octahedrons are edge-sharing, and tilted relative to
the layered structure. The edge-shared octahedral has the properties of direct metal-metal interaction and 90° metal-
oxygen-metal interaction. This allows LiCoO, to have a pretty good ionic and electronic conductivity among
ceramic materials. LiCoO, has a very good electrochemical performance. It can provide a good capacity and high
voltage. High capacity and high voltage mean a large maximum theoretical specific energy (MTSE). As shown in
Fig.2, the charge-discharge curve of LiCoO, half cell under 0.4 mA/cm’ current density showed symmetry, which
indicates a good electrochemical performance. In Fig.3, LiCoO, half cell almost reached the maximum theoretical
capacity at 0.2 C rate. And it showed a very good stability of capacity during multiple cycles (see Fig.4).

Batteries produced with LiCoO, cathodes, while providing good capacity, are more reactive and have worse
thermal stability than batteries produced with other cathode materials (eg. LiFePO, and LiMnQO,). This makes
LiCoO, batteries more susceptible tothermal runaway in cases of high temperature operation (>130 °C)
or overcharging [6]. At elevated temperatures, LiCoO, decomposition generates oxygen. Then oxygen reacts
exothermically with the organic materials in the cell [6]. This may pose a safety issue due to the highly-exothermic
reaction.

Many previous studies focused on the electrochemical and thermal properties of lithium cobalt oxide by
experiments. Mizushima and Goodenough [7] first reported the excellent electrochemical properties of LiCoO,,
They found LiCoO, has low overpotential and good reversibility. Reimers et al.[8] studied the electrochemical
properties of Li,CoO, by in situ X-ray diffraction, and they found the phase transition to the lithium ordered phase
near x=1/2 is accompanied by a lattice distortion to a monoclinic unit cell. Yang Shao-horn et al. [9] succeeded to
obtain an atomic resolution of LiCoO, using transmission electron microscope. Kawaji et al. [10] reported the heat
capacity and thermodynamic properties of LiCoO, at low temperatures. There are also many studies on the
properties of LiCoO, by simulation method. Ceder et al.[11] calculated the diffusion coefficient of Li,CoO, using
the first principles method. Hart and Bates [12] investigated the strain energy density of LiCoO, using lattice model.

Although there are many studies on LiCoO,, but atomic scale simulations of the mechanical and thermal
properties are rare, especially pressure-dependent bulk modulus, heat capacity and thermal conductivity. This paper
will systematically investigate the electrochemical, mechanical and thermal properties of LiCoO, using the first
principles method.
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2. Method

For many-body electronic structures, the calculations are very complicated. A stationary electronic state satisfies
the many-electron time-dependent Schrodinger equation [14]:

HY=[T+V+U]¥=|Y" ——v 2 V(n)+ 2 U(nr) [P =EY

where W is the wavefunction, H is the Hamiltonion, T is the kinetic energy, U is the electron-electron interaction

energy, V' is the potential energy from the external field, 7 is the Plank constant, £ is the total energy, m;, is the
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mass of the 7, particle, 7; is the position vector of the i, particle. It is very difficult to solve the electron-electron

interaction term. In density functional theory (DFT), Kohn and Sham simplified the interacting electrons system to a
non-interacting electrons system, and developed the Kohn-Sham equation [15]:

{ ;2 Vz”/eﬁ'(F)}@(F):%@(’j) @)

m

where Veﬂ. is the local effective potential in which the non-interacting particles move, &; is the energy of

corresponding Kohn-Sham orbital ¢i .

The electrochemical, mechanical and thermal properties were calculated using the DFT method. All calculations
in the present study were performed at Generalized Gradient Approximations (GGA) + Perdew Burke Ernzerhof
(PBE) [16], and GGA with the projector augmented wave (PAW) method [17], respectively. Here, GGA functionals
were selected because they are more reliable than Local Density Approximations (LDA) functionals for predicting
transition metal systems [18]. Since d orbital plays an important role in coordinating for transition metals, the U (on-
site coulomb term) value for Co-3d is selected to be 4.91eV according to the literature [19].

All calculations were performed with a unit cell containing 3 formula units (3Li, 3Co and 60), as shown in Fig.
5. The convergence tests of the total energy with respect to the k-points sampling and cut-off energy have been
carefully examined, which ensured that the total energy is converged to within 10 eV per formula unit. The
Monkhorst-Pack [20] scheme 3%3x1 k-points mesh was used for the integration in the irreducible Brillouin zone.
Energy cut-off for the plane waves was chosen to be 540 eV. Before the calculation, both the lattice parameters and
the ionic positions were fully relaxed, and the final forces on all relaxed atoms were less than 0.005 eV/A.

L.,

Fig.5 Unit cell of LiCoO,. Black color represents lithium atom, small grey ball represents oxygen atom, large grey ball represents cobalt atom.

3. Results and discussion

LiCoO; is in R3m space group with lattice parameters a=b=2.8156 A and c=14.0542 A as reported in [21]. The
geometry was optimized using CASTEP and VASP, respectively. From Table 1, the lattice parameters of optimized
geometry is consistent with the result in [22]. Further calculations were done based on relaxed unit cell structure.
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Table.1 Geometry Optimization of LiCoO, using CASTEP and VASP

Before optimization CASTEP VASP Xiong et al (VASP) [22]
a(A) 2.8156 2.7821 2.8390 2.8369
b (A) 2.8156 2.7821 2.8390 2.8369
c(A) 14.0542 13.8415 14.1708 14.1670
A(°) 90 90 90 90
B () 90 90 90 90
v (°) 120 120 120 120

3.1Electrochemical properties

The density of states of LiCoO, was obtained as shown in Fig.6.
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Fig.6 (a) density of states of Li. (b) density of states of Co. (c) density of states of O. (d) density of states of LiCoO,.

The density of states show that the valence band was dominated by O and Co states, while the conduction band
was dominated by Li and Co states. The gap is between by and e, Co states slightly hybridized with O 2p states.

This is consistent with previous work [23].

The calculated band gap of LiCoO; in this study was 2.29 eV, which is in good agreement with the experiment
result using X-ray photoemmision spectroscopy and bremsstrahlung isochromat spectroscopy [24] and the
simulation result [23, 24].

For LiCoO, material, the reaction of lithium extraction can be expressed as:

LiCoO, = Li,_ CoO, +xLi 3)
The average intercalation potential of LiCoO, is calculated [2] :
AG® = —nFV )

Where AG" is the change of the standard Gibbs free energy, 7 is number of electrons transferred (7 =1 in this
study), F' is the Faraday constant, } is average lithium extraction potential.

In general, it is assumed that the change in volume and entropy is very small during reaction, so the change of
Gibbs free energy can be replaced with the change of internal energy. The structure of LiCoO, is shown in Fig.5.

The structures of Li and CoO, are shown in Fig.7. For CoQ,, its space group is P3m1 with the lattice parameters
a=b=2.820 A and c=4.238 A as reported [21].
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Fig.7 The left figure is the unit cell of Li. The black ball represents lithium atom. The right figure is unit cell of CoO,. Small grey ball represents
cobalt atom, large grey ball represents cobalt atom.

The predicted average intercalation potential calculated using equation (4) was 4.04 V , which is in agreement
with the charge/discharge potential plateau of about 4.0 V [25].

3.2 Mechanical properties

The most general relationship which connects stress and strain is the generalized Hook’s law [26]:
Oy = Cppis€ ®)]

mnij < mn

where O, " is the stress tensor, & is the strain tensor, and ¢ is the compliance coefficient.

mnij

Alternatively, the strains can be described in terms of stresses,
& =S,i0y (6)

mnij = ij

where S is the stiffness coefficient.

mnij

Elastic constants and elastic moduli are two fundamental properties providing inner information of the
mechanical properties. Since the symmetric nature of the stress and the strain tensor, the 81 coefficients of elastic
constants can be reduced to 21 coefficients.

One method to calculate the elastic constants is the stress-strain approach. Once the stress tensor is obtained,
elastic constants can be computed according to equation 5 [27].

The computed Young’s modulus and bulk modulus are listed in Table.2. From Table.2, the directions (100) and
(010) had the same value of the Young’s modulus due to the symmetry of the structure. Direction (001) had the
smallest value of the Young’s modulus. For the Young’s modulus, Hart et al. [12] performed the simulation, using
the energy-strain approach to calculate the elastic constants. The discrepancy may be caused by different algorithms.
In [28], the Young’s modulus was measured using nano-indentation experiment. Since the material used in this
simulation was single crystal, it is reasonable to get a smaller Young’s modulus than the experiment. For bulk
modulus, the result is consistent with the previous work [29].

Table.2 Young’s modulus and bulk modulus of LiCoO,

Young’s modulus (GPa) Bulk modulus (GPa)
Hart et al [12] 315-516(Gulp)
Wang et al [29] 168.5(LDA)
148.9(GGA)
Qu et al [28] 151-236 (experiment)

This work E(001)=E(010)=320.5 E(001)=213.5 171.9 +/-2.19
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Then, we investigated the pressure dependent elastic constants by applying hydrostatic pressures 10, 20, 30 and
40 GPa, respectively.

From Fig.8, we can see the cell volume decreased with the increase of pressure, which follows our instinct. But
the slope became smaller with the increase of pressure. The nonlinear increase of atomic forces due to the
compression may lead to this phenomenon.

The bulk modulus increased with the increase of pressure (see Fig.9). This can be explained by:

dP
Bulk modulus = -V — (7
dv
1 400
0.98
0.96 & 350
0.94 )
o 092 £ 300
< 09 3
= 088 2 250
0.86 ~
0.84 a 200
0.82
0.8 150
0 10 20 30 40 0 10 20 30 40
Pressure (GPa) Pressure (GPa)
Fig.8 Volume versus pressure curve Fig.9 Bulk modulus versus pressure curve

3.3 Thermodynamic properties

When calculating thermal properties, phonon theory should be introduced. Thermodynamic properties are
directly related with phonon structures. Once a set of super cells with predefined displacement is built, the forces on
atoms of the set of supercells can be computed directly. Thus, mode shapes of phonons can be obtained. Entropy,
Holmbholtz free energy and heat capacity at constant volume can be derived from quantum mechanics [14]:

1
F =Ezq,sha)(q,s)+kBTzq’sln[l—exp(—ha)(q,s)/kBT)] (8)
ho(q,s) 1 hao(q,s)
S=—k, 7Y 1In|1-exp| —— 2D ||
exp| “NS) |y
k,T
2

ho(q, explhw(q,s)/ k,T

c-mafp] e
B

exp (ha;{(qT,s)j_l
B

where F is the Holmholtz free energy, S is entropy, £y is heat capacity at constant volume, ¢ is natural frequencies
of phonons, B is the Plank constant, &z is the Boltzman constant and T is temperature.

Gibbs free energy, entropy and enthalpy can be obtained after calculation as shown in Fig.10. Heat capacity at
constant volume was compared with the literatures. Kawaji et al [10] , Carlier et al [30] and Maleki et al [31] did
experiments on heat capacity measurement. The result of this work shows highly consistency with the literature
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(Fig.11).

In Debye theory, the Debye temperature T, is the temperature of a crystal's highest normal mode of vibration. At
low temperatures, the heat capacity at constant volume is proportional to the cube of temperature. And the specific
heat at constant volume satisfies the following equation [14]:

4 x
c —onk| L .

T, L (ex - 1)2
where N is number of atoms, k is the Boltzman constant.

Debye temperature is not a fixed value. It changes with the increase of temperature. The relationship between the
Debye temperature and temperature is shown in Fig.12. As temperature increased, the Debye temperature increased
at low temperature range 20K to 300K. The simulation result shows a good agreement with the experiment [10]. But
the trend of increase slowed down. Because at high temperature, the Debye temperature will become a constant, and
the heat capacity at constant volume will reach the Dulong-Petit limit [3].
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Fig.10 Free energy, enthalpy and entropy of LiCoO,
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Fig.12 Debye temperature as a function of temperature of LiCoO,

The thermal conductivity of LiCoO, was calculated using the imposed-flux method [32, 33]. Kinetic energy is
exchanged between two fixed layers, repeatedly during a molecular dynamics simulation. Consequently energy
flows between the layers. The system responds by creating a temperature gradient. The thermal conductivity follows
the Fourier’s law [14]:

A AT

At Ax
where AQ/At is the amount of heat transferred rate, GW; A is the cross section area, m’; Ky, is the thermal
conductivity, W/m/K; Ax is distance between two ends, m; and AT/Ax is temperature gradient along x axis, K/m.

(12)

The thermal conductivity was calculated in a one-dimensional model. Thus, a 3x4x20 super cell was built (see
Fig.13). The final temperature profile is shown in Fig.14. After the computation, temperature along the super cell
and energy flux profile can be obtained (see Fig.15 and Fig.16).

Fig.13 Super cell of LiCoO,
Temperature
— BE7Zel

- BADBe2
, - 514062
- 48752 |
C
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~ 43432

Figure 14 Temperature distribution
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Fig.15 Temperature distribution along c-axis Fig.16 Energy flux time history

From Fig.16, we can see after 400 ps, the energy flux curve became flat, which means the entire system is stable.
At 1000 ps, temperature distribution along the ¢ direction of LiCoO, super cell is plotted in Fig.15. The curve shows
the heat flux is in linear relationship with position from high temperature to low temperature, as the temperature
gradient in the Fourier’s law (eq.12). This result is shown in Fig.14. The calculated temperature gradient was 8.136
GK/m, the energy flux was 17.615 GW/m>. So thermal conductivity was the ratio of energy flux to temperature
gradient, which was 2.165 W/m/K.

In [34], thermal conductivityl1.58 W/m/k was obtained by experiment, which was lower than the value of this
work, since the sample was a polycrystal. In [35], thermal conductivity 3.7 W/m/K was calculated using molecular
dynamics simulation. The difference of value may be caused by different algorithms.

4. Conclusion

In the present study, the electrochemical, mechanical and thermal properties of LiCoO, were systematically
investigated using the first principles method. The result showed the valence band was dominated by O and Co
states, while the conduction band was dominated by Li and Co states. The calculated average intercalation voltage
of LiCoO, was 4.04 V. Moreover, the specific heat and Debye temperature calculated is consistent with the
literatures. Elastic constants under hydrostatic pressures between 0 to 40 GPa were computed. Bulk modulus
increased with the increase of pressure, and cell volume decreased with the increase of pressure. Thermal
conductivity was obtained using the imposed-flux method. Calculated thermal conductivity was 2.165 W/m/K,
which is consistent with the literature data.
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