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The most widely used cathode materials for lithium-ion 
accumulators nowadays are based on LiCoO2, LiFePO4 or LiMnO4. 
These materials are supposed to be replaced by battery systems 
with new generation of cathode materials such as sulphur-based or 
high-voltage cathode materials in the future. This article is focused 
on the study of electrochemical properties of high voltage cathode 
material LiCr0.1Ni0.4Mn1.5O4 depending on the process of synthesis.  
The samples were prepared by solid state reaction method with the 
temperature as an independent variable where electrochemical 
charge/discharge capacity retention was observed during cycling 
and also during cycling at different C rate. The structure and 
thermal stability of the particles of the synthesized materials was 
also studied by SEM and TGA. 
 
 

Introduction 
 

The development of cathode materials with high energy density is important for 
applications requiring high performance such as electromobility (1-2). One of the most 
promising materials is LiNi0.5Mn1.5O4 due to its high operation voltage close to 4.7 V and 
high stability. This cathode material reports the high voltage properties with respect to 
several oxidation steps of manganese cation where Mn3+ oxidizes to Mn4+ at 4 V vs Li 
and subsequently Ni2+ is oxidized to Ni3+ at the voltage range of 4.7 – 4.8 V vs Li until 
reaches the Ni4+ [2-3]. Despite the indisputable benefits of raised operating voltage, the 
material is not yet commercially used due to its negative aspects related to low capacity 
retention. The main drawback of investigated material is the rapid fading of capacity 
during cycling especially at high temperatures.(4-6) It was showed that this issue can be 
overcome by several approaches such as particle size reduction, partial cation substitution 
and surface modification. Nanoscaling in general increases the active surface area and 
thus rises the diffusion rate but does not affect the intrinsic conductivity of the crystal. On 
the other hand, doping may affect the crystalline structure and stability of LiNi0.5Mn1.5O4, 
electronic conductivity and capacity retention are hereby increased which also leads to 
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improved cyclability and better performance at high C-rates (2,7). Cr is one of the 
elements which can be the cathode material successfully doped with. The binding energy 
of Cr-O is higher than the binding energy of Mn-O and Ni-O and also the formation of 
impurities such as LixNi1-xO is reduced during synthesis which also leads to an increase 
of capacity. There is also another important effect of doping by chromium that a new 
electrochemical redox change is observed during cycling where Cr3+ changes its state to 
Cr4+ and the voltage of discharge plateau is shifted as high as ~ 4.9 V (8,9). The last 
method of improving the properties of the material is surface modification of 
LiNi 0.5Mn1.5O4. Materials such as Al2O3, ZnO and SiO2 are used for coating. This process 
leads to the protection of the particles and reduces the formation of the SEI layer. 
Cyclability and stability at high loads are therefore improved (10). 
 

 
Experimental 

 

The method of solid state reaction was utilised for the synthesis of 
LiCr0.1Ni0.4Mn1.5O4 samples. Sample A was prepared by two-step annealing process and 
the three-step annealing process was used for the preparation of sample B. Materials 
based on carbonates and oxides were used as starting precursors for the synthesis. Li2CO3 
(Lithium(II) carbonate), MnCO3 (Manganese carbonate), NiO (Nickel oxide) and Cr2O3 
(Chromium(III) oxide) were used as obtained from Sigma-Aldrich. Materials were mixed 
in a stoichiometric ratio of 0.02 mol and milled together for 4h. The obtained mixture 
was split to two samples and processed separately by different procedure. Both samples 
A and B were first annealed at 600 °C for 10 hours followed by annealing at 900 °C for 
15 hours. Sample B was then processed also in third step which was the annealing at 
700 °C for another 15 hours. Entire processing was carried out in high temperature batch 
furnace at ambient atmosphere. Electrode slurry was prepared by mixing obtained 
samples with NMP (N-Methyl-2-pyrrolidon) (solvent), PVDF (Polyvinylidenfluorid) 
(binder) and conductive carbon support Super P in the ratio of 80 % active material, 
10 % of Super P and 10 % of PVDF. The electrode slurry was subsequently casted by 
doctor-blade on Al foil, dried and pressed by the pressure of 3200 kg/cm2. A disc 
electrode with the diameter of 18 mm was cut out of the coated aluminium foil and 
investigated in El-Cell© ECC-STD electrochemical test cell. The cell assembly was 
carried out in an M-Braun argon filled glove box. Metallic lithium was used as the 
counter electrode and the LiPF6 EC:DMC 1:2 w/w electrolyte was soaked in a glass fibre 
separator. Galvanostatic charge and discharge cycling was utilized as method for 
investigation of capacity retention with potential window from 3.0 V to 5.1 V versus 
Li/Li +. First two cycles were used for calculation of the cell capacity and the charge and 
discharge rate was then set to 0.5 C. The scanning electron microscopy was also used for 
characterization of obtained LiNi0.5Mn1.5O4 – A and LiNi0.5Mn1.5O4 – B samples with the 
TESCAN VEGA3 XMU equipment.  

 

The materials LiCr0.1Ni0.4Mn1.5O4 – A and LiCr0.1Ni0.4Mn1.5O4 – B were analysed 
using SEM microscopy. We can see structure of the synthesised materials on Fig. 1, the 
field of view for both samples is 41.5 µm. Both the samples exhibit good macro-
crystalline structure. Particle size of the LiCr0.1Ni0.4Mn1.5O4 – A is slightly smaller than 
LiCr0.1Ni0.4Mn1.5O4 – B.  
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Figure 1: SEM analysis of the samples A) LiCr0.1Ni0.4Mn1.5O4 – A, 
B) LiCr0.1Ni0.4Mn1.5O4 – B; view field used - 41.5 µm 

 

Figure 2: Comparison of capacity change during cycling of the materials 
LiCr0.1Ni0.4Mn1.5O4 - A and LiCr0.1Ni0.4Mn1.5O4 – B 

The cycling performances of both samples are depicted in Fig. 2. Discharge capacity 
during cycling at 0.5 C of sample LiCr0.1Ni0.4Mn1.5O4 - B is always higher than 
LiCr0.1Ni0.4Mn1.5O4 – A. Sample LiCr0.1Ni0.4Mn1.5O4 – B also shows better capacity 
retention than LiCr0.1Ni0.4Mn1.5O4 – A. Capacity fading at 0.5 C of the sample 
LiCr0.1Ni0.4Mn1.5O4 – B is smaller than LiCr0.1Ni0.4Mn1.5O4 – A. If we compare capacities 
of samples LiCr0.1Ni0.4Mn1.5O4 – A and LiCr0.1Ni0.4Mn1.5O4 – B during the cycling at 
higher load we can see that sample LiCr0.1Ni0.4Mn1.5O4 – B show better capacity and also 
better stability almost at highest C rate. 

Discharge curves of both samples have similar shapes as we can see in Fig. 3. 
LiCr0.1Ni0.4Mn1.5O4 – A shows in the first cycle at 0.5 C slightly higher potential of the 
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discharge plateau and longer discharge plateau at 4 V than LiCr0.1Ni0.4Mn1.5O4 – B. We 
can see comparison of last discharge cycles of the materials LiCr0.1Ni0.4Mn1.5O4 – A and 
LiCr0.1Ni0.4Mn1.5O4 – B at the current 1 C in Fig. 4. Sample LiCr0.1Ni0.4Mn1.5O4 – B 
shows better stability at higher potential and higher capacity. Practically the same results 
at the current 2 C are displayed in Fig. 5. Fig. 6 shows the comparison of last discharge 
cycles for both materials at the highest load 5 C. As we can see material 
LiCr0.1Ni0.4Mn1.5O4 – A has smaller capacity and his potential falls from high voltage 
weary fast. Almost 15.9 % of the capacity of the sample LiCr0.1Ni0.4Mn1.5O4 – A is under 
4 V. Sample LiCr0.1Ni0.4Mn1.5O4 – B shows higher capacity and only 12.3 % of its 
capacity is under 4 V. 

 

Figure 3: Comparison of the first and last discharge cycles of the materials 
LiCr0.1Ni0.4Mn1.5O4 - A and LiCr0.1Ni0.4Mn1.5O4 – B 

 

Figure 4: Comparison of the last discharge cycles at 1 C of the materials 
LiCr0.1Ni0.4Mn1.5O4 - A and LiCr0.1Ni0.4Mn1.5O4 - B 
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Figure 5: Comparison of the last discharge cycles at 2 C of the materials 
LiCr0.1Ni0.4Mn1.5O4 - A and LiCr0.1Ni0.4Mn1.5O4 - B 

 

Figure 6: Comparison of the last discharge cycles at 5 C of the materials 
LiCr0.1Ni0.4Mn1.5O4 - A and LiCr0.1Ni0.4Mn1.5O4 – B 

The synthesized cathode materials LiCr0.1Ni0.4Mn1.5O4 – A and LiCr0.1Ni0.4Mn1.5O4 –
B was also analyzed by TG to investigate its thermal stability. This analysis was done in 
air atmosphere and the range of temperatures was from room temperature to 900 °C, the 
heating rate was 10 °C/min. The result of this analysis is in Fig. 7. The sample 
LiCr0.1Ni0.4Mn1.5O4 – B made by three-steps annealing process is more thermally stable 
than the sample LiCr0.1Ni0.4Mn1.5O4 – B. Both of them show rapid decrease of weight 
over 600 °C. This weight loss is probably caused by the removal of lithium and oxygen 
from the cathode structure. 
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Figure 7: TGA analysis of the samples A) LiCr0.1Ni0.4Mn1.5O4 - A and B) 
LiCr0.1Ni0.4Mn1.5O4 - B 

 

Conclusion 
 

The obtained results show that both methods of synthesis are useful for the synthesis 
of the cathode material LiCr0.1Ni0.4Mn1.5O4. Furthermore, it is evident that using the 
three-step annealing leads to better results in terms of capacity and capacity 
retention of the LiCr0.1Ni0.4Mn1.5O4 cathode material. The material prepared by this 
method lost 3.3 % of its capacity after thirty cycles at 0.5 C compared with 4.1 % loss for 
the sample prepared by the two-step annealing method. The sample prepared by the 
three-step annealing method also exhibits higher capacity during the whole cycling at 
0.5 C. The sample prepared by the three-step method also shows higher capacity, stability 
and more stable potential of the discharge plateau at high voltage during cycling at 
highest C rate. 
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