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Abstract. Lithium Nickel Manganese Cobalt Oxide (NMC) cathodes 
remain promising materials aimed at lithium-ion batteries due to their 

balanced capacity, structural stability, and cost-performance characteristics. 
Among them, LiNi₀.₆Mn₀.₃Co₀.₁O₂ (NMC631) offers a strategic composition 
by combining sufficient nickel content for capacity, higher manganese 
content for stability, and reduced cobalt content for cost efficiency. This 
study investigates the synthesis of NMC631 cathode materials using 
technical-grade and analytical-grade materials through the carbonate co-
precipitation method. The objective is to assess the influence of substantial 
grade on the morphological and mechanical assets of NMC631 cathodes. 

The synthesized materials remained considered using skimming electron 
microscopy (SEM), X-ray diffraction (XRD), and energy dispersive X-ray 
spectroscopy (EDS). SEM results showed that analytical-grade NMC631 
(NMC631-A) had a smaller particle size distribution of 134.11 nm compared 
to technical-grade NMC631 (NMC631-T) at 243.61 nm, indicating a shorter 
lithium-ion diffusion pathway. XRD analysis confirmed differences in 
cation mixing, where NMC631-T showed an I(003)/I(104) ratio of 1.10, while 
NMC631-A approached 1.20, indicating better structural ordering. Overall, 

technical-grade precursors remain promising for cost-effective NMC631 
cathode production. 

1 Introduction 

In today's era, various types of batteries have been developed and utilized as power sources 

for EVs, with Lithium-Ion Batteries (LIBs) being the most widely used today. However, LIBs 
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still face contests connected toward energy density besides cycle life. To speech these issues, 

innovations are required in key components such as the cathode, anode, separator, and 

electrolyte. These improvements aim to enhance energy density, extend battery life, reduce 

weight, enable flexible designs, and ensure environmental sustainability. As a result, research 

into LIB technology remains an active and essential field of study [1]. 

 The composition of cathode materials is a key factor affecting a battery's energy capacity 

and lifecycle. The combination of cathode components significantly impacts the 

electrochemical performance of batteries, as the delivery of electric current relies on the 

intercalation besides deintercalation of lithium ions [2-3]. One promising cathode substantial 

composition aimed at lithium-ion batteries is LiNixMnyCozO2, where x + y + z = 1, 

commonly referred to as NMC.   
 The composition percentages of nickel, manganese, besides cobalt are accustomed 

toward obtain the desired assets. The naming convention for NMC cathodes corresponds to 

the proportion of these conversion metals in the material. For instance, NMC 631 signifies a 

ratio of Ni:Mn:Co equal to 6:3:1. Various NMC cathode compositions have been 

investigated, including NMC 111 [3-5], NMC 442 [7], NMC 541[8], NMC 622 [8-13], NMC 

811 [14-15]. Nickel-rich cathodes, such as NMC 811, NMC 622 and others, remain projected 

to control the lithium-ion battery market for battery electric vehicles (BEVs) by 2035Click 

or tap here to enter text.. Their growing popularity stems from a reduced reliance on cobalt, 

which lowers production costs and makes them more cost-effective compared to other 

cathode materials. 

 

Fig. 1. Prediction of NMC batteries market share until 2035 

 Research on NMC 631 (Nickel-Manganese-Cobalt in a 6:3:1 ratio) utilizing technical-

grade materials is essential to explore its potential as a cost-effective alternative for high-

performance lithium-ion batteries. Technical-grade materials offer the advantage of lower 

production costs compared to high-purity grades, making them more feasible for large-scale 

applications while still maintaining acceptable performance characteristics. This study 

utilized the carbonate co-precipitation method, which eliminates the need for an inert 
environment (e.g., nitrogen gas) and avoids the use of ammonium hydroxide (NH₄OH), a 

substance that poses significant health risks when inhaled. As a result, this method enables 

more cost-efficient production while enhancing environmental sustainability in industrial 

applications. 

2 Methods 

2.1 Material Preparation 

The LiNi0.6Mn0.3Co0.1O2 precursor was synthesized through a carbonate co-precipitation 

technique using a humble device setup, as depicted in Fig. 2. All analytical-grade materials 
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are from Sigma-Aldrich (Merck) and technical-grade materials are from Sumitomo (nickel), 

Tianjin Crown (manganese), Jinan Future Chemical Co.,Ltd (cobalt), and  Haihang Industry 

Co.,Ltd (lithium). A solution containing a mixture of 1.2 mol of NiSO4·6H2O, 

MnSO4·6H2O, CoSO4·7H2O, besides was prepared in concentrated water with a meditation 

of 1.5 M. Separately, 1.44 mol of Na2CO3 (advancing representative) and 0.048 mol of 

H2C2O4 (chelating representative) remained liquified in purified water. The solutions were 

simultaneously introduced interested hip the reactor dropwise, enabling the co-precipitation 

process, which remained maintained designed for 4 hours at a pH of 7 besides a temperature 

of 55°C, followed by an aging period of 12 hours. The resulting transition metal carbonate 

precipitate was thoroughly splashed through deionized water besides dried at 110°C for 6 

hours to yield the dry Ni0.6Mn0.3Co0.1CO3 precursor. 
 The predecessor remained then combined with LiOH·H2O with a 3% excess and 

subjected to a two-step calcination process in an oxygen atmosphere. Initially, the mixture 

was preheated to 500°C for 5 hours, followed by further heating to 750°C for 12 hours to 

achieve the desired layered structure of the LiNi0.6Mn0.3Co0.1O2 cathode that abbreviated 

NMC 631-T (technical-grade material) and NMC 631-A (analytical-grade material). All 

samples preparation and synthesis were conducted by the Metallurgical Laboratory of the 

National Battery Research Institute (NBRI), Indonesia. 

 

Fig. 2. Process of Synthesis NMC 631 Cathodes 

2.2 Characterization 

The crystal construction of the samples was characterized using X-ray diffraction (XRD) 

with Cu Kα radiation over a 2θ range of 0° to 80°. Additionally, the microstructure and 

particle morphology remained practical using scanning electron microscopy (SEM), which 
was complemented by energy dispersive spectroscopy (EDS) aimed at detailed essential 

composition. All classifications remained conducted using the conveniences provided by the 

National Battery Research Institute. 

3 Results and Discussion 

The microstructure and particle morphology were observed using scanning electron 

microscopy (SEM). Fig. 3 and Fig. 4 below show the morphology of the grains in SEM 

testing. 
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Fig. 3. SEM Result in 10.000x magnification with (a) NMC 631-T, (b) NMC 631-A 

 

Fig. 4. SEM Result in 20.000x magnification with (a) NMC 631-T, (b) NMC 631-A 

Fig. 3 and Fig. 4 depict that the grain morphology for NMC 631-A tends to be round, while 
for NMC 631-T tends to be square. Therefore, with different material of NMC can inspiration 

the scrap morphology shaped. Uniform granule morphology resolve haste active the lithium-

ion dissemination progression, which impressions the precise size of the battery. Though, 

NMC 631-T taster similarly demonstrations a bigger element width than NMC 631-A, 

hindering the lithium-ion diffusion. Hip general, minor particle diameters outcome in quicker 

Li-ion diffusion detachments, cumulative the lithium-ion diffusion rate. The wild lithium-ion 

dispersion degree will be talented to haste up the charging/discharging procedure and growth 

the precise size of the battery Klik atau ketuk di sini untuk memasukkan teks.. The following 

are the particle sizes of each sample. 

   

Fig. 5. Particle size distribution in (left) NMC 631-T, (right) NMC 631-A 

 A collection of principal particles systems secondary spherical particles with on average 

particle extent of 243.61 nm in NMC 631-T sample. Whereas, in NMC 631-A sample has 
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smaller particle size distribution of 134.11 nm. The circulation of secondary particle 

proportions in the Fig. 5 was measured using ImageJ and OriginLab software.  

EDS mapping remained achieved to investigate the supply besides homogeneity of elements. 

Measurements were taken on one points that approve Ni, Mn, and Co are evenly distributed 

with a proportion of 6:3:1 in Table 1. 

Table 1. Transition metal element composition from EDS results on all samples 

Samples 
Composition Ratio 

Ni Mn Co 

NMC 631-T 
Design 6 3 1 

Measured 5.76 2.87 1.37 

NMC 631-A 
Design 6 3 1 

Measured 5.98 2.95 1.06 

 

 The crystal construction of all tasters remained examined using XRD. All initial 

materials (analytical and technical-grade materials) were analyzed using XRD to know 

crystallinity index. In Fig. 6-9 display the XRD patterns of initial materials for making 

LiNi0.6Mn0.3Co0.1O2 cathode samples.  

 

Fig. 6. XRD result from (a) Li2CO3-T, (b) Li2CO3-A 

 

Fig. 7. XRD result from (a) NiSO4.6H2O-T, (b) NiSO4.6H2O-A 
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Fig. 8. XRD result from (a) MnSO4.6H2O-T (b) MnSO4.6H2O-A 

 

Fig. 9. XRD result from (a) CoSO4.7H2O-T (b) CoSO4.7H2O-A 

 It can be seen that all samples show differences in peak intensity, where the higher the 

XRD peak results, the higher the crystallinity.  

 

Fig. 10. XRD patterns of LiNi0.6Mn0.3Co0.1O2 cathode  
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Fig. 11. XRD patterns in I003 peak 

 

Fig. 12. XRD patterns in I104 peak 

Fig. 10 displays XRD results administered through Highscore Plus software aimed at 

energetic materials NMC 631-T and NMC 631-A to classify crystal structure. Toward control 

the suitability of the crystal structure, data from COD (Crystallography Open Database) No. 

96-152-5554 is used somewhere the crystal construction of NMC 631-T and NMC 631-A, 

founded on the literature, remains hexagonal. This discusses to the two main peaks (003) and 

(104).  

 Fig. 11 and Fig. 12 show that there is shifted  in I003 peak and I104 peak. The results of 

the diffraction pattern on I003 peak show a peak shift to the left, which indicates that NMC631-
T tends to increase the distance between lithium layers and reduce the distance between 

octahedral layers [MO6] (M = Ni/Mn/Co). This will have a good impact on the stability of 

the cathode structure. 

 Separately after the crystal structure, XRD outcomes can similarly determine the 

attendance of cation mixing. Cation mixing remains the entry of Ni2+ ions into the Li layer. 

This occurs since of the similarity in the ion radii of Li+ (0.76Å) and Ni2+ (0.69Å). Obviously, 

this remains not desirable for the material. The short cation mixing designates that the 

electrochemical possessions of the NMC material are improved. Founded on the literature, 

the formula I(003)/I(104) limits the cation mixing value. If the worth of I(003)/I(104) is less than 1.2, 

the material resolution consume poor electrochemical possessions, which will distress the 

presentation of the lithium-ion battery. Table 1 below shows all samples' intensity proportion 

I(003)/I(104) calculation from COD data. 

Table 2. Calculation of intensity ratio I(003)/I(104) 

Samples I003 I104 I(003/104) 

NMC 631 - T 9721 8906 1.10 

NMC 631 - A 7633 6371 1.198 
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From the calculating outcomes, for the NMC 631-A sample, the value of I(003)/I(104) is 1.10. 

So, this charge demonstrations that the cation mixing is relatively high. Meanwhile, for the 

cunning of NMC 631-A from the I(003)/I(104) ratio is nearly 1.20 which demonstrations the 

cation mixing is relatively low. 

 

Fig. 13. XRD patterns in I006/I102 peak 

 

Fig. 14. XRD patterns in I108/I110 peak 

As shown in Fig. 14, the splitting of the (108)/(110) peaks in all samples indicate that there 

are layering progression. The piercing of the (106)/(102) peaks is detected at all samples that 

indicate creating layered oxide structure Fig. 13. Rietveld refinement was performed using 
X’pert Highscore Plus software to measure frame limitations, as abridged in Table 3. 

Table 3. Lattice parameters data of LiNi0.6Mn0.3Co0.1O2 cathode derived from Rietveld refinement. 

Samples A c c/a 

NMC-T 2.8796 14.2290 4.9413 

NMC-A 2.8929 14.3070 4.9456 

 

As shown in Table 3, a well-ordered R3m hexagonal layered structure can be achieved if the 

value of c/a is above 4.8999 [10]. Layered structure can support Li+ intercalation process as 

it provide a pathway during the charge and discharge process that would lead to higher enery 

density. 

8

EPJ Web of Conferences 377, 01003 (2026) https://doi.org/10.1051/epjconf/202637701003

IPS 2026



 

Fig.15. Performance of NMC 631 cathodes based on: (a). Specific discharge capacity with a 

c-rate of 0.1C for 100 cycles, (b). Specific discharge capacity with several c-rate variations 

up to 20 cycles 

 The electrochemical performance of NMC 631-A and NMC 631-T cathode materials is 

shown in Fig. 15. Fig. 15(a) presents the explicit discharge capacity at 0.1 C for 100 cycles. 

NMC 631-A exhibits a higher initial discharge capacity than NMC 631-T and maintains a 

higher capacity throughout the cycling test. Although both samples show a gradual capacity 

decrease with increasing cycle number, the capacity fading is relatively moderate, indicating 

that both cathode materials have acceptable cycling stability. The higher capacity of NMC 

631-A suggests better lithium-ion intercalation and deintercalation during the charge–

discharge process. 
 Fig. 15(b) shows the specific discharge capacity at different C-rate differences up to 20 

cycles. The discharge capacity of both samples decreases as the C-rate growths from 0.1 C 

to 1 C. This behavior is commonly caused by increased polarization and limited lithium-ion 

diffusion at higher current densities. However, NMC 631-A consistently delivers higher 

discharge capacity than NMC 631-T at all C-rates, indicating better rate capability and 

electrochemical kinetics. 

 The superior electrochemical performance of NMC 631-A is consistent with the SEM 

and XRD results discussed previously. The smaller particle size of NMC 631-A can shorten 

the lithium-ion diffusion pathway, while its higher I(003)/I(104) ratio indicates minor cation 

mixing and improved layered structural ordering. These characteristics support faster 

lithium-ion transport and contribute to higher discharge capacity. In contrast, NMC 631-T 

shows lower capacity, which may be related to its larger particle size and higher degree of 
cation mixing. Nevertheless, NMC 631-T still demonstrates stable cycling behavior and 

acceptable rate performance, suggesting that technical-grade precursors remain promising as 

a cost-effective alternative for NMC 631 cathode production. 

Conclusion 

This study successfully synthesized NMC 631 cathode materials using both technical-grade 

and analytical-grade precursors, demonstrating their feasibility for electric vehicle battery 

applications. The carbonate co-precipitation method employed in this research provided a 

cost-effective and environmentally friendly synthesis approach, eliminating the need for inert 

gas environments and hazardous reagents like NH₄OH. Comparative analysis revealed that 

technical-grade materials produced cathodes with performance characteristics close to those 

of analytical-grade materials, making them a viable option for reducing production costs 

without significant compromise in quality. These findings highlight the potential for scaling 
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up NMC 631 cathode production using more economical ingredients, pavement the technique 

for supplementary affordable and sustainable battery technologies in the electric vehicle 

industry. 
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