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Abstract 

Supercapacitors have emerged as a crucial energy storage 

technology, bridging the gap between traditional capacitors and 

batteries. The performance of supercapacitors is heavily 

dependent on the properties of the electrode materials used. 

Mechanical processing methods, particularly High Energy 

Milling (HEM) and High-Velocity Particle (HVP) methods have 

shown great promise in enhancing the physical and 

electrochemical properties of supercapacitor materials. This 

review explores the fundamental principles, mechanisms, and 

recent advancements in HEM and HVP techniques for the 

synthesis and modification of supercapacitor materials. High 

energy milling, including ballmill and attritor milling, facilitates 

particle size reduction, increased surface area, and the creation of 

nanostructures, leading to improved capacitance and energy 

density. High velocity particle methods, such as cold spraying and 

thermal spraying, enable the deposition of uniform and dense 

coatings, enhancing conductivity and stability. The review also 

discusses the impact of process parameters on material properties, 

the challenges faced in scaling up these techniques, and the 

potential future directions for research. By providing a 

comprehensive overview of these mechanical processing 

methods, this paper aims to highlight their significance and 

potential in advancing supercapacitor technology. 
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1 Introduction 

Solid-state supercapacitor engineering of the homogenization 

process in a planetary ballmill involves the use of kinetic energy 

to break materials into smaller particles. In a planetary ballmill, 

the fragmentation and homogenisation process is based on the 

principle of rotational movement of the vial which causes the balls 

inside to collide with each other resulting in kinetic energy being 

transferred to the material resulting in fragmentation and 

homogenisation [1]. In the simulation process, it is shown that the 

kinetic parameters of the milling process are significantly 

influenced by the rotational speed (ω) and the vial- to-disc speed 

ratio (ω/ω), under optimal operating conditions obtained at ω = 

800 rpm [2]. Thermal conditions involve the application of kinetic 

energy with the addition of heat to enhance the process where 

thermal processing can change the properties of a material or 

facilitate chemical reactions that will occur [3]. 

In addition to using a planetary ballmill, the fragmentation and 

homogenisation process can also use the high-velocity collision 

method. High-velocity collision is one method in material 

engineering and manufacturing, for example, such as High 

Velocity Oxygen Fuel (HVOF) with a high velocity of 

approximately 975 m/s exceeding the speed of sound so that it can 

produce 10-1 µm particle fragmentation [4]. In the HVOF process, 

the kinetic energy of particles is more important than temperature 

because this method uses very high collision energy to produce 

solid layers at low temperatures [5]. Fluidised metallurgical 

powder feedstock is fed into or upstream of the nozzle (hopper), 

where it is accelerated by the gas flow and strikes the substrate at 

high velocities ranging between 200 m/s and 1200 m/s depending 

on the choice of process and spray parameters until it can reach 

temperatures of 800°C [6]. In processing the manufacture of 

batteries or supercapacitors using mechanical methods to perform 

homogeneity of Li, Ni, Mn and Co power storage alloy materials 

with solid-state. The solid-state process is divided into several 

parts such as wet mixing methods (high shear mixing, wet ball 

milling, ultrasonic mixing, magnetic stirring) and then dry mixing 

methods (dry mixing methods, extrusion, melt-granulation) [7].   

In addition to mechanical processes, there are also chemical 

processes by adding chemical elements as reaction catalysts. As in 

the processing of NMC-Nd supercapacitors using several methods 

such as sol-gel, solid-state, co-precipitation, hydrothermal, and 

combustion. Currently, the process of making NMC energy 

storage uses a solid-state method, but there are obstacles when 

using the solid-state ball mill method, the formation process takes 

a long time even up to days [8].  

The sol-gel process is typically performed in small batches, 

which can be difficult to scale up to large volumes. This requires 

significant modifications to the equipment and process conditions 

to ensure consistent quality and efficiency. Industrial-scale 

production requires significant investments in equipment and 

labor. The process must be efficient to ensure cost-effectiveness 

and minimize environmental impact [9]. Hydrothermal methods 

require precise control over pressure to ensure consistent product 

quality. This can be challenging to maintain on an industrial scale, 

where equipment must be designed to handle large volumes and 

maintain consistent conditions. Hydrothermal methods are often 

performed in small batches, which can be difficult to scale up to 

large volumes. This requires significant modifications to the 

equipment and process conditions to ensure consistent quality and 

efficiency [10]. The manufacture of LiNi0.8Mn0.1Co0.1O2 (LNMC) 

cathode material for cathode Li-ion batteries has been carried out 

through the hydrothermal method [9]. LNMC material was chosen 

because it has many advantages such as abundant material 

availability, low cost, high capacity and superior power storage 

performance [11]. 

In review, solid-state methods are often used in the 

manufacture of anode and cathode materials for batteries because 

they are able to produce materials with high purity and good 

particle distribution. Ball milling process, the roller mill type 

provides gentler grinding and is more efficient in terms of energy 

compared to other types of ball mills. Ni0.64Mn0.2Co0.16O2 with the 

addition of Neodymium Oxide (Nd2O3) aims to improve electrode 

properties such as thermal stability and conductivity. In the coin 

punch cell type power storage prototype after adding Nd2O3, it 

will increase the resistance value by 17.5% at 300 cycles [12]. The 

use of the solid-state method in making power storage materials is 

considered the simplest and easiest method because it does not 

require a lot of chemicals, can be produced on a large scale, and is 

very efficient if a failure occurs in a process because the material 

can be reused. This method is particularly useful for the 

development of solid-state batteries, where the solid electrolyte 

offers several advantages over traditional lithium-ion batteries, 
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including reduced flammability and the elimination of 

environmentally harmful compounds [13].  

The solid-state process in supercapacitor manufacturing is 

rapidly emerging as a game-changer within the energy storage 

industry. This innovative approach offers a myriad of benefits, 

notably its ability to significantly reduce waste and save 

manufacturing time. Unlike traditional liquid-based methods, the 

solid-state process minimizes the use of hazardous chemicals and 

materials, leading to a more environmentally friendly production 

cycle [14]. Additionally, this method streamlines various 

manufacturing steps, enhancing efficiency and productivity. In an 

era where sustainability and operational efficiency are paramount, 

the solid-state process presents a compelling solution. By 

eliminating the need for solvents and reducing the complexity of 

the manufacturing workflow, it not only cuts down on production 

time but also decreases the overall cost [15]. This shift not only 

benefits manufacturers but also aligns with global efforts to reduce 

environmental impact and promote greener technologies. This 

article delves into the advantages of the solid-state process in 

supercapacitor manufacturing, exploring how it revolutionizes the 

production landscape. We will examine the specific ways this 

process contributes to waste reduction, time savings, and overall 

cost efficiency, underscoring its potential to set new standards in 

the industry [16].  

The use of the solid-state method in manufacturing prioritizes 

the principles of physical processes, resulting in products with 

exceptional thermal conductivity. This approach ensures that 

materials achieve a perfectly homogeneous structure, facilitating 

the formation of strong, solid bonds between particles. Unlike 

traditional methods, which may rely on solvents or involve 

multiple stages that can introduce impurities or inconsistencies, 

the solid-state method provides a streamlined process that 

enhances material integrity and performance [17].  

Thermal conductivity is a critical property for a wide range of 

applications, from electronics to energy storage systems. By 

ensuring that the material's structure is uniform and free from 

defects, the solid-state method enhances heat transfer capabilities, 

making it ideal for producing high-performance components [18]. 

The ability to create materials with superior thermal properties not 

only improves product efficiency but also extends the lifespan of 

the components by mitigating issues related to thermal stress and 

degradation. This article explores the solid-state method's role in 

advancing manufacturing techniques, particularly its impact on 

thermal conductivity [19]. We will delve into the physical 

principles underpinning this method, highlight the benefits of 

achieving a homogeneous material structure, and discuss the 

various applications where these improvements can be most 

effectively leveraged. Through this examination, we aim to 

underscore the transformative potential of the solid-state method 

in producing high-quality, thermally conductive products. 

2 Materials of Supercapacitor 

Extensive review for power storage cathode materials such as 

Lithium Cobalt Oxide (LCO), Lithium Ferrous Phosphate (LFP), 

Lithium-Titanate Oxide (LTO), Lithium Manganese Oxide (LMO) 

and recently lithium nickel manganese aluminum oxide (NCA) 

and lithium nickel manganese cobalt oxide (NMC) [8] (Fig. 1). By 

comparing in terms of cost, lifetime, performance, safety, specific 

energy, and material power. Among them, NMC has the best 

overall performance (Tabel 1). The diversity in NMC materials is 

due to the different compositions of nickel, cobalt, and manganese 

to form LiNi1/3Mn1/3Co1/3O2 (NMC333), LiNi0. 4Co0.4Mn0.2O2 

(NMC442), LiNi0.5Mn0.3Co0.2O2 (NMC532), LiNi0.6Mn0.2Co0.2O2 

(NMC622) and LiNi0.8Mn0.1Co0.1O2 (NMC811) [14] (Tabel 2). 

 

 
Fig. 1. Comparison of various types of cathodes [20]. 

 

Currently the use of materials for supercapacitors there are 

several types of materials used for electrodes from nature and 

metal oxide type electrodes and electrolytes. For electrodes, 

materials such as Activated Carbon (AC), Carbon Fibre-Cloth 

(AFC), Carbide-Derived Carbon (CDC), carbon aerogel, graphite, 

graphene and Carbon Nanotubes (CNTs) [21] (Fig. 2). Then for 

metal oxide that can be used as supercapacitor electrodes such as 

RuO2, Fe3O4, MnO2, NiO, Co3O4, IrO2, V2O5 and CuO, 

Fe2O3/Co3O4, Fe2O3/NiCo2O4, Co3O4/ZnFe2O4, Co3O4/NiCo2O4, 

ZnO/ZnFe2O4, NiFe2O4/Fe2O3. Then for the electrolyte used, 

which is like the Table 3. 

3 Results and Discussion 

3.1 Power Storage Manufacturing Process 

The synthesis method in the power storage electrode 

manufacturing process greatly affects the stability such as the 

morphology and composition of the power storage. The process 

method for manufacturing supercapacitors can vary depending on 

the type of supercapacitor (e.g., Electrochemical Double-Layer 

Capacitors (EDLCs) or pseudocapacitors), the materials used and 

the desired specifications. Here's a generalized overview of the 

process method for manufacturing supercapacitors (Tabel 4). 
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Table 1. NMC cathode used in electric cars and its main characteristics [14] 

Cathode type 
Ratios (R) or cell 

designation (S) 
Manufacturer EV model 

Energy (useable) 

(kWh) 
Range* (km) 

Li-nickel 

manganese 

cobalt oxide 

532 (R) Nissan Nissan Leaf e+ 62 385 

CATL Peugeot e 208, Opel 50 (46) 349 

 Corsa-e  336 

Envision Nissan Leaf 39.5 (36) 270 

AESC    

333 (R) Samsung SDI Volkswagen e-Golf 35.8 (32) 232 

721 (R) LG Chem Renault ZOE 54.7 (52) 232 

SK innovation Volkswagen ID.4 Pro 82 (77) 467 

622 (R) Samsung SDI BMW i3 42.2 (37.9) 293 

SK innovation Kia e-Soul, 67.5 (64) 451 

 Kia e-Niro  454 

 Volkswagen e-UP, Seat 36.8 (32.3) 260 

 Mii Electric, Skoda  256 

 CITIGo-e  265 

 Hyundai Ioniq-e 40.4 (38.3) 310 

 Hyundai Kons-e 67.5 (64) 447 

 Mercedes Benz EQC 85 (80) 417 

LG Chem Porche Taycan, Jaguar I- 93.4 (83.7), 333 

 Pace 90 (84.7) 470 

 Audi e-tron 55 Quattro 95 (86.5) 402 

 Chevrolet Bolt 68 417 

811 (R) – Jeep Avenger 54 (50.8) 346 

 Vauxhall Astra Sports  346 

 Tourer   

 DS 3 E-Tense  346 
 

Table 2. NMC622 and NMC811 were synthesised using different methods and their electrochemical performance [8] 

Ni-rich NMC Synthesis route 
Current 

density 

Voltage 

range (V) 

Initial discharge 

capacity (mAhg-1) 
Cycle no. 

Final discharge 

capacity (mAhg-1) 

Capacity 

retention 

NMC622 Solid state reaction 0.5 C 2.8–4.3 153.8 100 152.4 99.1 % 

 Solid state reaction 1.0 C 2.8–4.3 160.8 40 150.6 93.7 % 

 Co-precipitation 0.05 C 3.0–4.3 210.0 100 197.4 94.0 % 

 Hydrothermal 0.5 C 2.8–4.6 185.0 50 149.9 81.0 % 

 Combustion 1.0 C 2.8–4.3 170.0 30 166.9 98.2 % 

NMC811 Sol-gel 0.5 C 2.5–4.3 200.0 50 164.4 82.2 % 

 Sol-gel 1.0 C 2.7–4.3 176.3 100 139.3 79.0 % 

 Solid state reaction 2.0 C 2.8–4.3 125.2 500 13.7 10.9 % 

 Hydrothermal 1.0 C 2.8–4.3 190.0 200 163.8 86.2 % 

 Co-precipitation 1.0 C 3.0–4.3 172.0 100 126.6 73.6 % 

 Co-precipitation 0.2 C 2.8–4.3 188.7 184 150.9 80 % 
 

 
Fig. 2. Classification of supercapacitors [23]. 

 

Table 3. Material properties of electrode and electrolyte variations of supercapacitors [22]. 
Material Density (g/cm3) Electrolyte F/g F/cm3 

Carbon cloth 0.35 KOH organic 200 

100 

70 

35 

Activated carbon 0.7 KOH organic 160 

100 

112 

70 

Aerogel carbon 0.6 KOH organic 50-75 

100-125 

84 

Particulate carbon from SiC 0.7 KOH organic 175 122 

Particulate carbon from TiC 0.5 KOH organic 220 

120 

110 

60 

Anhydrous RuO2 2.7 Sulphuric acid 150 405 

Hydrous RuO2 2.0 Sulphuric acid 650 1300 

Doped conducting polymer 0.7 Organic 450 315 
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Table 4. Power storage manufacturing process 

Method 

Synthesis variation sol-gel, electro-polymerization, hydrothermal, co-precipitation, chemical vapor deposition, direct coating, vacuum 

filtration, de-alloying, microwave auxiliary, in situ polymerization, electro-spinning, silar, carbonization, dipping and drying methods 

[24]. 

 
Sol-gel process [25] 

 
Hydrothermal synthesis process [26] 

 
Chemical vapor deposition process [27] 

 
Vacuum filtration process [28] 



 

 424 Disseminating Information on the Research of Mechanical Engineering - Jurnal Polimesin Volume 22, No. 4, August 2024 

Method 

Sol-gel Solid-state Co-precipitation Hydrothermal Combustion 

 

 
Sol-gel NMC process [29] 

 
NMC Co-precipitation process [30] 
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Hydrothermal NMC process [31] 

 

 
Combustion NMC process [32] 

 

Sol-gel Solid-state Co-precipitation Hydrothermal Combustion 

Sol-gel can be used to 

produce a variety of 

materials, including 

carbon, silica, and 

metal oxides [33, 34]. 

The coprecipitation method 

involves the formation of 

metal oxide nanoparticles 

through a precipitation 

reaction [35]. 

 

 This process involves the 

use of high temperature 

and pressure to accelerate 

chemical reactions and 

produce materials with 

desired properties [36]. 

This process involves 

the use of combustible 

materials to produce 

materials with complex 

pore structures and 

high capacitance [37]. 

 

3.2 Solid State Method Supercapacitor Process 

Solid-state methods involve the formation of supercapacitor 

materials from semiconductor materials that have been treated in a 

solid state. This process involves the use of technologies such as 

sintering, calcination, or direct chemical reactions to produce 

materials with complex pore structures and high capacitance. 

These semiconductor materials can then be used as electrodes in 

supercapacitors.  

3.2.1 Milling Process 

In solid-state processes, the use of planetary ball mills is 

designed to break down large particles into smaller sizes. This is 

very important in various applications, such as in the processing of 

agricultural raw materials, powder metallurgy, mining materials 

processing, and chemical. technology. This equipment can break 

down large particles to nanometre sizes that other methods cannot 

achieve. In addition to breaking down, planetary ball mills can 
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also be used to combine different particles into one homogeneous 

mixture. This is particularly useful in the pharmaceutical, 

chemical, materials engineering, mining and food industries for 

further processing [38] (Fig. 3). 

Simulations using the Discrete Element Method (DEM) to 

predict the motion of milling objects in a planetary ball mill. 

Changes in the impact frequency and energy of milling objects as 

a function of process conditions will be studied using various 

simulations. The accuracy of parameter calculations and 

processing efficiency in planetary ball mills can be improved by 

using 3D computer models (Fig. 4). 

 

 
Fig. 3. Schematic of how a planetary ballmill works and ballmill motion [38]. 

 

 

 
Fig. 4. Calculated motion trajectory of a milling body in the x, y and z planes [39]. 

 

In material synthesis, the latest method uses high-temperature 

and High-Pressure Planetary Ball Milling (HTPRM). HTPRM 

allows the mechanosynthesis of materials at fully controlled 

temperatures of up to 450oC and pressures of up to 100 bar of 

hydrogen. An example of this application is the magnesium 

hydride synthesis process. The synthesis is carried out at 

controlled temperatures (Room Temperature (RT), 100, 150, 200, 

250, 300, and 325oC) while refining in a planetary ballmill under 

hydrogen pressure (>50 bar) [40] (Fig. 5). 

Air jet milling effectively reduces particle size from a range of 

20-100 µm to less than 10 µm. In this micronisation method, a 

high-velocity compressed air stream is injected into the chamber 
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where the initial raw material is fed by a feeder controlled by the 

feeder. The air is introduced through a specially designed fluid 

inlet to create a sonic or supersonic airflow. High-speed collisions 

between the raw particles lead to effective crushing of the feed 

into smaller particles. High-pressure homogenisation is a high-

energy process where particle size reduction is achieved by 

repeatedly cycling up to 200 cycles more at high speed, around 

500 m/s and 10-15 bar pressure [41] (Fig. 6). 

 

 
Fig. 5. SEM images of Mg powder: a) Raw material b) RT, c) 100oC, d) 150oC, e) 200oC, f) 250oC, g) 300oC, and h) 325oC [40]. 

 

 
Fig. 6. Schematic diagram of high-pressure homogenisation 

process [41]. 

3.2.2 High Collision Particle 

High-pressure particle coating technique is a solid form 

deposition technique for almost all types of metals, alloys and 

powders. This method is through the collision of particles with 

high velocity pressure (helium, nitrogen, and air) at lower 

temperatures or high temperatures [42]. The powder particles used 

for this technique remain solid during the coating process. The 

coating is formed by metallurgical bonding and mechanical 

interlocking. This process is generally divided into two categories: 

room temperature and High-Pressure Thermal Spray Process 

(HPCSP) (greater than 10 bar or 800-1400 m/s) and room 

temperature and Low-Pressure Thermal Spray Process (LPCSP) 

(less than 10 bar or 300-600 m/s) [43] (Fig. 7). 

With supersonic flow, the powder particles hit the substrate 

with greater speed and develop a coating with excellent cohesive 

and adhesive properties. In LPCSP, the gas pressure comes from 

the air. Initial mixing of the feedstock powder and carrier gas does 

not occur because the powder feeder is placed in the convergence 

region of the CD nozzle. However, the LPCSP method has poor 

cohesive properties compared to the HPCSP coating [45] (Fig. 8). 

 

 
Fig. 7. Schematic representation of the high-speed particle process [44]. 
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Fig. 8. Schematic bonding particle in the substrate [46]. 

 

The cold spray technique is a method to create coatings by 

using particles associated with high velocities that convert their 

kinetic energy into plastic deformation, strain and finally heat 

when colliding with sub-layers or previously deposited particles. 

Since there is no melting of the particles the result of the coating 

technique has lower oxidation and residual stress [47] (Fig. 9). 

To create coatings, injection gas dynamic spraying techniques 

combine coarser, non-plastically mouldable hard particles such as 

ceramics and tungsten with smaller ductile particles. To develop 

particle bonds with other particles and the substrate, all processes 

depend on the transformation of the kinetic energy of the particles. 

Particle kinetic energy and momentum in layer development must 

be transformed into other forms of energy through plastic 

deformation, cavity consolidation, particle rotation, plastic strain 

and finally heat. If all the incident kinetic energy is converted into 

heat and plastic strain energy the particles will bounce which will 

result in elastic collisions. 

 

 
Fig. 9. Precipitation stages in cold spraying [48]. 

 

3.2.3 NMC811 Supercapacitor 
In the synthesis process of NMC811 by reducing the particle 

size of metal oxides such as MnO, NiO, and CoO, which are 

precursor materials used in the synthesis of NMC811 cathode 

materials, can improve its electrical properties. This is because the 

smaller particle size leads to shorter lithium-ion diffusion 

pathways and higher surface area, resulting in better 

electrochemical performance. The solid-state synthesis method is 

commonly used in the manufacturing of NMC811 cathode 

materials, as it allows for better control over the particle size and 

homogeneity of the final product. In this process, the precursor 

metal oxides are mixed in the desired stoichiometric ratios and 

subjected to high-temperature calcination, typically between 

700°C and 1000°C, under an oxidizing atmosphere [49].  

To reduce the particle size and achieve finer NMC811 

particles, various techniques are employed, such as ball milling, 

co-precipitation, and sol-gel synthesis. Ball milling is a 

mechanical process that involves grinding the precursor materials 

using high-energy milling balls, resulting in a reduction in particle 

size and improved homogeneity [50]. Researchers have 

demonstrated that reducing the particle size of NMC811 cathode 

materials can significantly improve their electrochemical 

performance. For instance, a study by Liu et al. [51] reported that 

NMC811 cathode materials with a particle size of around 200 nm 

exhibited higher discharge capacities and better rate capabilities 

compared to larger particles (>1 μm). Another study by Zuo et al. 

[52] revealed that NMC811 cathode materials with particle sizes 

ranging from 100 nm to 500 nm showed improved cycling 

stability and rate performance compared to larger particles. The 

authors attributed these improvements to the reduced lithium-ion 

diffusion distances and increased electrode-electrolyte contact area 

in smaller particles.  
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The mass of nickel oxalate, manganese oxalate, and the cobalt 

oxalate needed to make the NMC811 material is calculated by 

mole ratio Ni:Mn:Co = 8:1:1. Nickel oxalate, manganese oxalate, 

and cobalt oxalate are mixed until smooth. Next is nickel oxalate, 

manganese oxalate, and cobalt oxalate were calcined at 500℃ for 

6 hours. After that, the lithium hydroxide (LiOH‧H2O) required is 

calculated with a ratio of NMC:Li = 1:1.1. NMC materials are 

mixed with lithium hydroxide (LiOH‧H2O) until smooth. The 

LiNMC material was sintered at a temperature of 800°C for 15 

hours. The sintered LiNMC material is ground using a mortar and 

pestle [53] (Fig. 10). 

 

 
Fig. 10. SEM images of the NMC811 [54]. 

 

3.2.4 NMC811 Supercapacitor Dopand REE’s 

The increasing demand for efficient lithium-ion batteries to 

power vehicles and energy storage requires improvements in the 

properties of cathode materials. In the LiNi0.6Mn0.2Co0.2O2 series 

battery (NMC622), the cathode material is doped with selected 

rare earth metal ions (La, Nd, Eu) at various concentrations (0.5-

1.5 mol%) [55]. Compared with undoped cathode materials, doped 

cathode materials have different lattice characteristics and can 

improve electrochemical performance such as capacity, stability 

and diffusion coefficient of lithium ions. For example, in the 

research conducted by Ding et al. (2007), rare earth element 

doping improved the discharge capacity and cycle performance of 

LiNi1/3Mn1/3Co1/3O2 (La, Ce, Pr) [56] (Tabel 5). 

The study on the effects of La-doping on LiNi₀.₈Co₀.₁Mn₀.₁O₂ 

material revealed a significant improvement in cyclic stability, 

which increased from 74.3% to 95.2% following the doping 

process. In addition, the La (1.0)-doped material has a greater 

capacity than the pure material [57]. Compared with the pure 

material, LiNi0.5Co0.2Mn0.3O2 doped with a small amount of Nd 

has lower charge-discharge polarisation and lower charge transfer 

resistance [58]. Meanwhile, Eu-doped LiNi0.5Co0.2Mn0.3O2 has 

excellent discharge capacity, cycle stability, better rate 

performance and lower charge transfer resistance than pure 

material [59] (Fig. 11). 

 

Table 5. Initial charge-discharge capacity and coulomb efficiency 

for cathode materials at 0.1C in the voltage range 3.0–4.3 V vs. 

Li/Li+ [60] 

Cathode material 

Initial charge 

capacity 

(mAh/g-1) 

Initial discharge 

capacity  

(mAh/g-1) 

Coulombic 

efficiency  

(%) 

NMC622 pristine 183.4 137.2 74.8 

NMC622-La0.5 197.6 151.1 76.5 

NMC622-La1.0 187.5 151.8 81.0 

NMC622-La1.5 184.8 150.0 81.2 

NMC622-Nd0.5 193.3 160.1 82.8 

NMC622-Nd1.0 185.3 151.8 81.9 

NMC622-Nd1.5 169.2 149.9 88.6 

NMC622-Eu0.5 185.6 153.1 82.5 

NMC622 pristine 183.4 137.2 74.8 

NMC622-La0.5 197.6 151.1 76.5 

 

 
Fig. 11. SEM images of the NMC811 dopand Nd2O3 [61]. 

 

4 Conclusion 

Selecting suitable precursor materials with high purity and 

compatibility is fundamental. Precursors are often selected based 

on their ability to form the desired superconducting phase. Solid-

state synthesis methods, including solid-state reactions and 

mechanical alloying, are essential for converting precursor 

materials into superconducting compounds. These processes drive 

chemical reactivity and phase formation in mechanical grinding 

and mixing techniques are used to homogenize the precursor 

powder and ensure uniform distribution of its constituent 

elements. This facilitates the formation of a homogeneous 

superconducting phase. 
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