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What is LNMO?

• LNMO stands for Lithiumnickelmanganeseoxide

• So called stoichiometric LNMO is LiNi0.5Mn1.5O4

• LNMO exists in the range LiNi0.5-xMn1.5+xO4, 0  x  0.5

• LNMO has a classic cubic spinel crystal structure

• It shows a phase transformation from an ordered LT-modification to a disordered HT-modification 

whereby ordering refers to the transition metal atomic position(s). The transition temperature is 

approx. 650 °C for stoichiometric LNMO and varies with Ni/Mn ratio.

• LNMO is derived from LiMn₂O₄, LMO, which is isostructural with disordered LNMO.
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Structure and modifications of LNMO

Ordered LNMO, 𝑃3332
stable up to approx. 650 °C

a: 817.52 pm → 817.99 pm

Disordered LNMO, 𝐹𝑑ത3𝑚
stable from approx. 700 °C
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Where from we got the LNMO for our investigations?

• Disordered LNMO was provided by Topsoe, Denmark

• It was synthesized involving spray drying processes and exhibits a secondary particle structure

• By heat treatment we transformed it at least partly to ordered LNMO
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How Li-ion batteries work? 

Main components:

• Anode Material (Graphite in most cases)

• Cathode Material (see next slide)

• Electrolyte (e.g. LiPF6 diss. in EC, DEC)

• Separator (PE, PP) or Borsilicate glass fibers

Li-ions are transferred from one host structure to another. 

Driving force on discharge: µLi(Anode) > µLi(Cathode)

If the battery is functioning properly, there will never be any 

lithium metal present.
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Types of Cathode materials for Li-ion batteries

High Voltage 
High Cost 

Low Voltage
Low Cost 

High Voltage
Low Cost 

Layered metal oxide type, e.g. NMC811 Olivine type, e.g. LFP Spinel type, e.g. LNMO
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The pros and cons of LNMO as a cathode material

• High Specific Energy

• Cobalt-free

• Cost effective

• Excellent Rate Capability

• Enhanced Safety

• Electrolyte Degradation (High Voltage)

• Manganese Dissolution and Capacity Fade

• Lower Power Density

• Complex Synthesis

For several reasons, it is important to understand the thermal behavior of battery 

materials. Heat dissipation, phase transitions, and decomposition products are of great 

relevance in terms of operational safety and battery heat management.

8



The thermal decomposition of LNMO under air

Disordered as well as ordered LNMO was heated and cooled twice with 10 K/min in a TGA-DSC under air

Mass loss: 6 wt.%

Tin-ordered: 732 °C

Tin-disordered: 714 °C

Almost totally reversible on 

cooling. Disordering 

promotes decomposition!
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The thermal decomposition of LNMO under Ar

Disordered as well as ordered LNMO was heated and cooled twice with 10 K/min from RT – 1000 °C in a 

TGA-DSC under Ar

Mass loss: 7 wt.%

Tin-ordered: 665 °C

Tin-disordered: 659 °C

Mass loss irreversible on 

cooling. Mass loss by O2?
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The thermal decomposition of LNMO

Disordered LNMO was heated with 10 K/min in a TGA-DSC-MS under Ar

Mass loss corresponds to a release of oxygen!

This was initially interpreted as follows:

𝐿𝑖𝑁𝑖0.5
2+𝑀𝑛1.5

4+𝑂4 ⇋ 𝐿𝑖𝑁𝑖0.5
2+𝑀𝑛1.5−2𝑥

4+ 𝑀𝑛2𝑥
3+𝑂4−𝑥 +

𝑥

2
𝑂2 ↑

11

Oxygen m/z=32 u



The thermal decomposition of LNMO under Ar

Powder-XRD after decomposition of DLNMO under Air and Ar

Air Small amounts of a rock salt 
structured phase (RS-phase), here 
described as NiO, remained after 
reuptake of oxygen.
Ar LNMO completely vanished, the 
decomposition products are the RS-
phase, refined as NiO, LiMnO2, a 
layered MnO2 structure with Li 
intercalated and Mn3O4, a spinel.

Air

x= NiO (RS-phase)
+= LiMnO2

   = Mn3O4

Ar
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The thermal decomposition of LNMO – reversibility!

How the decomposition to LNMO and RS-phase on air can be almost fully reversible?

• The RS-phase is rather formed in 
smaller domains within the 
LNMO crystallites.

• No bulk phase separation 
occurs. 

• This allows for rapid and 
complete reintegration during 
cooling in air.

DLNMO after TGA in air DLNMO after heat treatment in air:
STEM and elemental map

C. Fink, L.F. Lundegaard, J.W. Høj, J. Højberg,
C. Fink Elkjaer, Haldor topsoe white www.topsoe.com.
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The thermal decomposition of LNMO – valid interpretation

LNMO has a metal/oxygen ratio of 3:4.

The formation of the RS-phase with a metal/oxygen ratio of 1:1 requires the release of oxygen! 

Mass loss and release of oxygen by formation of RS-phase

𝐿𝑖𝑁𝑖0.5𝑀𝑛1.5𝑂4 ⇋ 1 −
𝑛

3
𝐿𝑖𝑥𝑁𝑖𝑦𝑀𝑛𝑧𝑂4 + 𝐿𝑖𝑎(𝑁𝑖𝑏𝑀𝑛1−𝑏)1−𝑎𝑂 +

𝑛

6
𝑂2 ↑*

Neutron diffraction investigations: No prove for an oxygen defect LNMO structure under air!

*P. Stüble, V. Mereacre, H. Geßwein, J.R. Binder, On the composition of LiNi0.5Mn1.5O4 cathode active materials, Adv. Energy Mater. 13 (2023)
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The thermal decomposition of LNMO – HT-XRD investigations under air 

DLNMO was heated stepwise from RT to 1000 °C in 50 K increments

The RS-phase (*) is formed upon 700 °C 
and becomes dominant upon 900 °C. From 
800 °C, there is a significant decrease in 
the intensity of (1 1 1) peaks and an 
increase in the intensities of (2 2 0) and (4 
2 2) peaks which are indications of partial 
occupation of the 8b tetrahedral positions 
(usually occupied by Li only) with 
transition metal ions.
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The thermal decomposition of LNMO – HT-XRD investigations under air 

DLNMO was subjected to the same
temperature program in a TGA-DSC
as in the HT-XRD.

The mass fractions of RS-phase and remaining LNMO derived 
from Rietveld refinement of HT-XRD patterns were used to 
calculate the oxygen mass loss versus temperature.
The formula* used is

𝑚 𝑂2 = 𝑚 𝑅𝑆 𝑥
𝑀 𝑂2
6𝑀(𝑅𝑆)

The composition of LNMO was considered to be constant. The 
composition of RS was assumed to be NiO up to 750 °C and 
Li0.33Ni0.44Mn0.22O for temperatures ≥ 800 °C.

*P. Stüble, V. Mereacre, H. Geßwein, J.R. Binder, On the composition of LiNi0.5Mn1.5O4 cathode active 
materials, Adv. Energy Mater. 13 (2023)
 L. Cai, Z. Liu, K. An, C. Liang, Unraveling structural evolution of LiNi0.5Mn1.5O4 by in situ neutron 
diffraction, J. Mater. Chem. A Mater 1 (2013) 6908–6914

16



17



Thank you for your
kind attention!

Questions?
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  F d  3 - m


  L i   N i  0 . 5  2 +   M n  1 . 5  4 +  O 4 ⇋ L i   N i  0 . 5  2 +   M n  1 . 5 − 2 x  4 +   M n  2 x  3 +  O  4 − x +  x 2  O 2 ↑


  L i   N i  0 . 5   M n  1 . 5  O 4 ⇋  ( 1 −  n 3 )     L i x N i y   M n z  O 4 +   L i a     ( N i b   M n  1 − b )  1 − a O +  n 6  O 2 ↑


  m  (  O 2 ) = m  ( R S ) x     M  (  O 2 )  6 M ( R S )

