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Interested in knowing more and 
influencing the development of a 
battery database?
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Motivation

Open-Circuit Voltage (𝑂𝐶𝑉) = −
1

𝐹
(𝜇𝐿𝑖,𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 − 𝜇𝐿𝑖,𝑚𝑒𝑡𝑎𝑙)

This work aims to reduce the time, cost and experimental efforts required to develop new cathode materials, while addressing critical 
raw materials challenges, such as Co content reduction, by providing the battery industry with innovative materials design tools based 
on CALPHAD modelling and DFT calculations. 

Capacity (𝐶0) = 𝐶𝑇ℎ(1 −
𝑥0

𝑛
)

CALPHAD modelling

Experiments + DFT

G(xi,T,p)

• Phase stability and transformations

• Volume expansion/contraction

• Effect of temperature

Methodology

• In All-Solid-State Batteries (ASSB) it is preferable to use metallic Li as anode  

• Within cathodes Ni-Mn-Co layered oxides (NMCs) have the highest Co content and 
compositional flexibility (compared to Li-Fe-Phosphates or Spinels)   

Material

LCO: the prototype NMC structure

Phase Crystal/Electronic Structure
Comp. range at 300 K

(x in LixCoO2)
Sublattice (SL) Model

O3_D#2 hR12-NaFeO2/Insulator 1-0.93
(Li,Va)1 (CoO2)1O3_D#1 hR12-NaFeO2/Metallic 0.75-0.55 and 0.45-0.26

O3_O Monoclinic ordered O3 0.55-0.45 (Li,Va)0.5 (Li,Va)0.5 (CoO2)1

H13 Hybrid O1-O3 0.11-0.16 (Li,Va)0.5 (CoO2)1

O1 hR3-CdI2 0 (stoichiometric) (Va)1 (CoO2)1

Extrapolation towards multicomponent Ionic Model Description

Newly developed ionic model: 
O3 → (Li+1,Va)0.5 (Li+1,Va)0.5 (Co+3, Co+4)1 (O-2)2

Additional Co+3, Co+4 mixing parameters: 

• Ordering must be enforced explicitly [9]

• Stabilization of the solid solution phases

• Li+1,Va mixing is not independent from the metal SL

When going into the multicomponent: 

• Number of parameters increases enormously 

• 3 different oxidation states might be needed 

Tosin Paese [2] has proved that extrapolation towards higher order system is possible 

Previous works [2,3] fitted DFT calculations at 
0 K with strongly negative 𝐿(𝐿𝑖, 𝑉𝑎) parameters

Phases Plateau [V]

O3_D#2 + O3_D#1 3.9 

O3_D#1 + O3_O No

O3_D#1 + H13 4.5

H13 + O1 4.7

Continuous solid solution in the 
full O3_D phase interval at 300 K

Strongly positive T-dependent parameters 
needed to compensate = HT miscibility gap

Local-Density Approximation (LDA) 
= not reliable at high lithiation [4] 

A miscibility gap at 300 K is achieved, in 
agreement with XRD data [5-7]

Good agreement with lower-rate, 
more recent OCV measurement [8] 

Raman spectroscopy and DFT [1] proved that 
cycling rate > C/10 ( = full charge in < 10 hours) 
suppress the miscibility gap, instead expected 
for conditions close to OCV (equilibrium)

O3_D → (Li,Va)1 (MO2)1

We have expanded to M = Co, Ni, Mn, Al, Fe 
and plan to include more elements

LixNi0.85Mn0.05Co0.05Al0.05O2

Main issues: 

• OCV data are not accompanied by phase 
characterization (XRD)

• Small differences in measurement conditions 
significantly affect results 

• DFT data on metastable endmembers are needed
Work in Progress!

Molar Volume (Vm) at room temperature 
(300 K) has been modelled: 

𝑉𝑚 𝑇 = 𝑉0ex p න
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Symbols
F = Faraday constant; NA = Avogadro’s constant
CTh = theoretical capacity
n = number of exchanged electrons
Z = number of f.u. per unit cell
α = thermal expansion coefficient
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