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Although density functional theory has played important role in designing electrode materials for 

lithium ion batteries, it fails in correctly prediction of temperature dependant parameters of 

performance of the battery system that is more relevant in application. To simulate the temperature 

dependence of the thermodynamic parameters, the lattice vibrational energy should be included. In this 

paper, we calculated the lattice vibrational dynamic properties of the LiCoO2/Li half battery system. 

We found that there is no imaginary frequency appeared when all Li atoms are removed, indicating 

that the bulk structure is stable upon Li removal. Furthermore, the vibration frequency of Co atom 

along the ab-plane is substantially increased after lithium is removed, due to the strengthened Co-O 

bonds. The vibrational entropy of the LiCoO2 and its delithiated state Li□CoO2 is very close to each 

other. We show that the intercalation potential of the battery is altered noticeable when the lattice 

vibrational contribution is included.  
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1. INTRODUCTION 

Pushed by the urgent need from the power supply of electric vehicles, the design and 

development of future advanced high energy density, high safety and low cost Li-ion batteries and its 

related materials become important to both the academic and industrial researchers. In the past decade, 

computational materials sciences have played important roles in accelerating the progress of designing 

of new electrode materials for Li-ion batteries [1-4]. Among various techniques used in computational 
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material sciences, first principles calculation is of most important because of its powerful 

functionalities in predicting materials structural [5-6], electronic [7, 8], magnetic [9, 10] and other 

properties [11]. Most of these first principles calculations are based on density functional theory, 

which calculates materials ground state properties. That is to say, all those properties predicted from 

first principles calculations are materials under 0 K [12, 13], and thus the thermodynamic aspect of 

materials can not be correctly predicted. However, lithium ion batteries normally work under 

environment temperature. Therefore, there exist certain errors between the first principles predictions 

and the batteries environment temperature performance. For example, LiMn2O4 cathode is cubic 

structure at room temperature, while first principles calculation can only reproduce its low temperature 

orthorhombic structure [14, 15].  

In order to correctly predict the temperature dependant properties of materials, the lattice 

vibrational energy should be included [16, 17]. The lattice vibrational characteristics of materials for 

lithium ion batteries is less studied comparing to other extensively studied physical and 

electrochemical properties. In 1995, Frank et al [18] reported the calculation of phonon dispersion of 

alkali metals with ab initio force constant method and compared their theoretical predicted phonon 

data with experimental observations. In 2009, Shi et al. [19] studied the lattice dynamics of LiFePO4 

cathode and compared the vibrational frequencies with experimental optical data. Although there are 

some theoretical studies on the lattice vibration of materials for lithium ion batteries, further analysis 

of the phonon data or model of the temperature correction to thermodynamic parameters are not 

reported.  

In this paper, we will consider the contribution of lattice vibrational energy to the 

thermodynamic parameters of LiCoO2 material. After briefly introduction of the methodology we used 

for the computation and analysis of the phonon data, we present the entropy and vibrational 

contribution to the Helmholtz free energy of Li metal, LiCoO2 and its delithiated state. Then, taking 

LiCoO2/Li half battery as an example we show that the intercalation potential (operation voltage) of 

the battery can be changed noticeably when the operating temperature varies. 

 

 

 

2. THEORY AND METHODOLOGY 

In order to analysis the finite temperature thermodynamic properties of electrode materials of 

interest, we use the first-principles quasi-harmonic approach to describe the Helmholtz free energy 

F(V,T) [20], 

F(V, T)=E(V) + Eele(V, T) + Evib(V, T), 

Where E(V) is the static energy at 0 K without taking into account the zero-point energy, Eele(V, 

T) represents the thermal electronic contribution at V and T, and it contributes only in low temperature 

environment. Evib(V, T) is the lattice vibrational contribution, which can be calculated from the phonon 

free energy according to the Bose-Einstein’s statistics:  
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where 
i ihv   is the phonon energy at different vibrational modes, νi is the vibrational 

frequency, and 1( )Bk T  . 

The ground state energy and forces in the present study is calculated by the Vienna ab initio 

simulation package (VASP) [21]. The ground state of the electronic structure is described with density 

functional theory (DFT) and the generalized gradient approximation [22] plus the Hubbard U 

(GGA+U). The U (the on-site coulomb term) value for the Co-3d state is selected to be 4.91 eV 

according to other reports [23], and it is showed that this value is suitable for the layered LiCoO2 

system from our past experiences [24, 25]. The phonon data are calculated through the force constant 

method, while the atomic Hellmann-Feyman forces are calculated with VASP.  

The body centered cubic Li metal is modeled with the primitive cell and a 9×9×9 Monkhorst-

Pack [26] scheme k-points mesh is used in our calculation. We also used primitive cells models for the 

LiCoO2 and its delithated state denoted as Li□CoO2 together with 5×5×5 Monkhorst-Pack [26] scheme 

k-points meshes for the integration in the irreducible Brillouin zone. Energy cut-off for the plane 

waves is chosen to be 600 eV.  

 

 

 

3. RESULTS AND DISCUSSION   

 
 

Figure 1. The phonon dispersion curves of (a) Li□CoO2, (b) LiCoO2 and (c) metal Li in the first 

Brillouin Zone. High symmetry special q-points are marked with dotted lines.  
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The detailed information of lattice dynamics of solid materials can be obtained from the 

phonon dispersion curves. We calculated the phonon dispersion curves of LiCoO2 (so as to its 

delithiated state Li□CoO2) and metallic Li, as shown in Fig. 1. The crystalline Li metal has a body 

centered cubic lattice, and the primitive cell contains only one Li atom. Therefore, there are only three 

acoustic vibration modes, which are completely degenerate at the Г, H, and P points in the Brillouin 

Zone. At the same time, the dispersion curves along lines between those high symmetry points are also 

degenerated and only two independent dispersion curves appeared. The highest vibrational frequency 

is about 9.98 THz, which is observed at the H-point. These results are in good agreements with reports 

in literature [18, 27].  

 

 
 

Figure 2. The phonon density of states of (a) Li□CoO2, (b) LiCoO2, and (c) metal Li. 

 

As the primitive cell of LiCoO2 contains 4 atoms, there are nine optical branches and three 

acoustic branches in the phonon dispersion curves, as it is shown in Fig. 1b. The three acoustic 

vibration modes are complete degenerate at the Г point (q→0, ω→0), which represents the vibration of 

all atoms as a whole. The LiCoO2 lattice has the point symmetry of D3d. According to the symmetry, 

degenerate is also appear for the nine optical vibration modes and only five frequencies are shown at 

the Г point. For the delithiated state Li□CoO2, the point symmetry is retained and degeneration of the 

vibration modes is similar. Interestingly, we found that no imaginary frequency is appeared when all Li 

atoms are removed from the lattice, indicating that the bulk structure is stable upon lithium removal. 

Two vibration modes looks separated from the others, and its vibration frequency is close to 30 THz at 
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the Г point. These two modes can be attributing to the vibration of Co atoms within the ab-plane 

(CoO2 layer plane). After the lithium is extracted from the lattice, the oxidation state of Co changes 

from Co
3+

 to Co
4+

 and the Co-O bond lengths becomes shorter within the CoO6 octahedral structure. 

The Co-O interaction becomes stronger, which enhances the vibration frequency substantially. On the 

other hand, the vibration frequency along the c-axis direction shifts to the low frequency region, 

because the lithium layer is completely removed from the lattice and the Coulomb interaction between 

the Li layer and the CoO2 layer is disappeared.  

To have a better comparison of the vibration frequency, the phonon density of states (DOS) is 

given in Fig. 2. Based on the phonon DOS data, we may calculate the vibrational contribution of the 

thermodynamic quantities, which directly associated with the intercalation potential of electrode 

materials for lithium ion batteries. The intercalation potential is originated from the Gibbs free energy 

changes of the battery system during the lithium intercalation process. Taking Li metal as anode and 

LiCoO2 as cathode material, the intercalation potential can be calculated with [28, 29] FΔGV nave  , 

where ΔG is the Gibbs free energy change of the intercalation reaction, F stands for the Faraday 

constant, and n represents the number of electrons (lithium ions) transferred in the intercalation process 

[30]. From thermodynamics we know that the Gibbs free energy includes the PV and the –TS terms, in 

addition to the inner energy E. The Gibbs free energy is approximately chosen as equal to the inner 

energy when the intercalation voltage is calculated in the published literature [28, 29], because the 

PΔV term is very small for solid state materials and the entropy contribution is zero when the 

temperature is 0 K. In the lithium ion battery system, it is reasonable to eliminate the contribution from 

the volume change because both the cathode and the anode materials are in solid state phase. Aydinol 

et al [29] estimated that the PΔV term is of the order of 10
-5

 eV, which is negligible comparing the 

total Gibbs free energy change during the intercalation process (3 to 4 eV per formula lithium atom). 

However, the battery system generally operates under environmental temperature, from which the 

entropy contribution plays important role.  

 

 
 

Figure 3. Vibrational entropies as a function of absolute temperature for Li metal, LiCoO2, Li□CoO2, 

and the delithiated system denoted as Li+Li□CoO2.  
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Taking the LiCoO2/Li half battery as an example, Fig. 3 presents the vibrational entropies of 

different parts of the battery system. Interestingly, the vibrational entropy of the LiCoO2 cathode is 

very close to that of its delithiated state Li□CoO2, although LiCoO2 has one more Li atom than 

Li□CoO2 in one formula unit. The entropy of LiCoO2 is even a little bit smaller than that of Li□CoO2 

when the temperature is below ~400 K. Therefore, we can see that lithium ion intercalated into the 

LiCoO2 lattice does not increase the entropy of the compound. On the other hand, the entropy of 

lithium metal is quite large comparing to that of lithium ion in the LiCoO2 lattice (note the different 

number of atoms in LiCoO2 and Li formula units). As a result, the entropy increases upon charging 

(delithiation) of the LiCoO2 cathode, namely, the entropy of the delithiated system, as denoted as 

Li+Li□CoO2 in Fig. 3, is noticeably higher than that of the LiCoO2 compound.  

 

 
 

Figure 4. Vibrational free energies (a), and the intercalation voltage correction (b) as a function of the 

absolute temperature.  

 

Figure 4a gives the vibrational free energies as a function of the temperature calculated from 

the phonon data. Taking into account the contribution of the zero point energies, we also calculated the 

intercalation potential correction of the LiCoO2/Li half battery system operates at different temperature 

when the temperature effect is taking into account, as shown in Fig. 4b. Obviously, the intercalation 

potential decreases when the temperature increases. The correction is about 95 mV at 300 K. When the 
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temperature is increased to 350 K, the vibrational contribution to potential is about 113 mV. We 

mention here that although the potential correction due to the temperature effect is not large, it could 

be noticeable in terms of the performance change of the battery system. When the operation 

temperature increases from 300K to 350K, the voltage of the battery system will decrease 18 mV, 

which could result in a decrease of the discharge capacity by several percents.  

 

 

 

4. SUMMARY AND CONCLUSION 

In summary, we have shown that the lattice vibrational contribution can not be ignored when 

the temperature dependant performance of the battery system is evaluated. The phonon frequency 

difference between LiCoO2 and its delithiated state Li□CoO2 gives indirect evidence that the Co-O 

bonds are strengthened upon delithiation, which shows that the CoO6 octahedral and thus the CoO2 

layers are quite stable even when the battery is deeply charged. After integration of the phonon DOSs 

data, we calculated the entropies and the vibrational Helmholtz free energies of Li metal, LiCoO2 and 

Li□CoO2, with which we evaluated the correction of the temperature effect to the intercalation potential 

of the battery system. Results show that the intercalation potential decreases noticeably when the 

temperature increases.  
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