
Abstract
The Li–O system has been investigated by means of the CALPHAD approach. The liquid phase

and two stable lithium oxides, Li 2O and Li 2O2, are modeled. A set of self-consistent
thermodynamic parameters for this system is obtained by con sidering reliable data from
literature. The Li–O phase diagram at 1 bar total pressure is established for the first time. The
phase equilibria and thermodynamic data in the literature a re satisfactorily accounted for by the
present thermodynamic description.

The Li–Co–O and Li–Ni–O systems have been investigated by me ans of ab initio calculations
and empirical methods. An approach based on ab initio calculations to obtain accurate
enthalpies of formation for transition metal oxides is prop osed. With the obtained enthalpies of
formation and the empirical entropy data, the Gibbs energy f unctions of oxides in the Li–Co–O
and Li–Ni–O systems are determined. To prove the accuracy of this thermodynamic model, we
calculate the cell voltages of lithium ion batteries. Compa red to the previously calculated results,
which underestimate the cell voltages of lithium ion batteries, our calculations are in good
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Cell voltage 
calculation:

z: Moles of electrons involved
F: Faraday Constant
µ: Chemical potential

which underestimate the cell voltages of lithium ion batteries, our calculations are in good
agreement with the experimental data. �� We are on the first step.We are on the first step.

Enthalpies of formation: Enthalpies of formation: abab initio initio calculationscalculations

Fig. 2. (a) Calculated solubility of O in
liquid compared with the experimental
data;
(b) Calculated Li–O phase diagram
including the gas phase at 1 bar total
pressure.

Fig. 1. Heat capacity data of (a) Li2O and
(b) Li2O2 from literature compared with
the Cp function used in this work.

Fig. 4. Schematic diagram of a lithium
ion battery. The arrows show the
discharging process, electron and Li+

move at charging in reverse direction.

Fig. 5. Calculated cell voltages of Li/O3-
LixMO2 (M = Co, Ni; 0≤x≤1) at 300 K compared
to the experimental data, CALPHAD
calculation and the previous theoretical results:
(a) Li/O3-LixCoO2; (b) Li/O3-LixNiO2.

Fig . 6. Calculated cell voltages of Li/Li M O Fig . 7. Calculated cell voltages of (a) Li/O2-
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� For the oxides of non-transition metals     
and transition metals with valence state 
+2.7 or +3, the calculated enthalpies of 
formation at 0 K agree well with available 
experimental data

� For oxides of transition metals with 
valence state +2 and +4, the data are 
inconsistent. 

� We propose that the accurate enthalpy 
of formation can be obtained by 
correcting the pristine GGA data with -0.8 
and +0.8 eV shifts per mole metal for 
oxides of transition metals with valence 
state +2 and +4, respectively. 

For the oxides of non-transition metals
and transition metals with valence
state +2.7 or +3, the calculated
enthalpies of formation at 0 K agree
well with available experimental data.
For oxides of transition metals with
valence state +2 and +4, the data are
inconsistent.
We propose that the accurate enthalpy
of formation can be obtained by
correcting the pristine GGA data with -
0.8 and +0.8 eV shifts per metal atom
for oxides of transition metals with
valence state +2 and +4, respectively.

ConclusionsConclusions
�� The Li–O phase diagram is established for the first  time.
� A set of self-consistent thermodynamic parameters fo r the 

Li–O system is obtained.
� The calculated Li–O phase diagram and thermodynamic  

properties agree well with the literature data.
� An approach to accurately calculate enthalpies of f ormation 

for transition metal-containing oxides is proposed.
� The Gibbs energy functions of the binary and ternar y oxides 

in the Li–Co–O and Li–Ni–O systems are obtained by the ab
initio calculations and empirical predictions.

� The calculated cell voltages of lithium ion batteri es are in 
good agreement with the experimental data. 
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Fig. 3. Calculated enthalpies of formation for (a) 
non-transition metal oxides and (b) transition 
metal oxides compared to the experimental 
results.

Fig . 6. Calculated cell voltages of Li/LixM2O4

(M = Co, Ni; 1≤x≤2) at 300 K compared to
the experimental results: (a) Li/LixCo2O4; (b)
Li/LixNi2O4.

Fig . 7. Calculated cell voltages of (a) Li/O2-
LixCoO2 (0≤x≤1) and (b) Li/Li4+xCoO2 (0≤x≤2)
at 300 K compared to the experiments and the
previous theoretical results.

� Compared to the previously calculated results, whic h underestimate 
the cell voltages of lithium ion batteries, our cal culations are in good 
agreement with the experimental data. 
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Compared to the previously calculated results, whic h underestimate 
the cell voltages of lithium ion batteries, our cal culations are in good 
agreement with the experimental data. 

The Li–O phase diagram is established for the first time.
A set of self-consistent thermodynamic parameters for the
Li–O system is obtained.
The calculated Li–O phase diagram and thermodynamic
properties agree well with the literature data.
An approach to accurately calculate enthalpies of formatio n
for transition metal-containing oxides is proposed.
The Gibbs energy functions of the binary and ternary oxides
in the Li–Co–O and Li–Ni–O systems are obtained by the ab
initio calculations and empirical predictions.
The calculated cell voltages of lithium ion batteries are in
good agreement with the experimental data.


