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The issue of low cathode conductivity is a significant challenge in battery development, 

particularly for automotive applications. The cathode plays a crucial role in Li-ion batteries, as 

it is responsible for transferring lithium ions during both charging and discharging processes. 

Therefore, this study aims to enhance the conductivity of the cathode by incorporating 

Acetylene Black (AB) and Polyvinylidene Difluoride (PVDF) additives. In this study, Nickel 

Manganese Cobalt (NMC) 811 and NMC 111 cathodes were used. These materials were formed 

into pellets, then made into sheets, with AB and PVDF additives added in a weight 

composition ratio of 85:10:5, and a coating thickness of 300 µm. The cathode conductivity was 

characterized using an LCR meter, while surface morphology, cross-section, EDS, and 

mapping of the cathode surface were analyzed with SEM. The results showed that the addition 

of additives increased the conductivity of NMC 111 by more than five times, from 23.27x10-8 

S.cm-1 to 119.34x10-8 S.cm-1, and NMC 811 by more than twelve times, from 6.43x10-8 S.cm-1 to 

81.79x10-8 S.cm-1. These findings suggest that higher particle density, improved size 

distribution, and smaller particle grains contribute to higher conductivity. 
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1. Introduction 

Many studies have been conducted to enhance 

the efficiency of electric vehicles, aiming to 

achieve energy-efficient and environmentally 

friendly transportation [1]–[4]. One crucial 

component currently under development is the 

vehicle battery, which requires an adequate and 

appropriate power supply [5], [6]. The battery's 

capacity is significantly influenced by the quality 

of the cathode, as this component facilitates the 

transfer of ions during both charging and 

discharging processes [7], [8]. 

In recent years, extensive research is focused 

on improving battery performance by enhancing 

the conductivity of the cathode. Nickel 

Manganese Cobalt (NMC) cathodes are 

particularly notable due to their superior 

properties for producing high-energy batteries, 

making them highly suitable for practical 

applications [7].  Fakhrudin et al. [9] improved the 

cyclic and rate performance of NMC cathodes by 

coating cerium oxide (CeO2) and Yalçın et al. [10] 

by doping NMC with Sn for energy retention. 

Similarly, Darjazi et al. [11] enhanced the 

structural stability, charge-discharge voltage, and 

cycle stability of NMC cathodes by doping them 

with MgCr. Additionally, Metal-Organic 

Frameworks (MOF) carbon materials have been 

employed to coat the surfaces of lithium battery 

electrodes, improving the effectiveness of 

electrochemical energy conversion and storage 

methods [12]. 
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The use of Acetylene Black (AB) and 

Polyvinylidene Fluoride (PVDF) additives has 

shown significant potential for meeting the 

demands of large-capacity and environmentally 

friendly batteries [13], [14]. Therefore, the effects 

of cathode thickness and grain density on battery 

capacity as indicated by cathode conductivity, 

need to be further examined. Previous studies 

have primarily focused either on the impact of 

cathode thickness on battery capacity [15], [16] or 

on the effects of grain size and density [17], [18], 

but not on their combined influence. 

To address this gap, this research investigates 

the relationship between cathode thickness and 

microstructures of NMC to enhance battery 

performance by improving the conductivity of the 

NMC cathode. This approach will provide a 

clearer understanding of how cathode thickness 

and microstructure affect cathode conductivity. 

The findings are expected to contribute to 

optimizing the lithium-ion transfer process 

during charging and discharging. The study 

involves adding AB and PVDF additives to NMC 

811 and NMC 111 cathodes, aiming to increase the 

conductivity of the NMC cathode and, 

consequently, improve the overall performance of 

lithium-ion batteries. 
 

2. Methods 

In our current work, 5 grams of slurry were 

prepared as the material for fabricating NMC 

cathode sheets, as shown in Figure 1. The cathode 

  

 
Figure 1. Research workflow for the addition of AB 

and PVDF additives to the NMC cathode 

slurry consisted of NMC powder, AB, and PVDF 

in a weight ratio of 4.24 g : 0.5 g : 0.25 g, equivalent 

to 85%:10%:5%. The NMC, AB, and PVDF 

powders were ground together using an agate 

mortar for approximately 15 minutes until evenly 

mixed and free of lumps. During this process, N-

Methyl-2-Pyrrolidone (NMP) solution was 

gradually added in small amounts, totaling 

approximately 8 mL, until a homogeneous slurry 

was obtained. The NMC cathode slurry was then 

coated onto an aluminum sheet, which served as 

the current collector, using an applicator to 

achieve a slurry thickness of 300 μm. The coated 

slurry was subsequently dried in a vacuum oven 

at 80 C for 24 hours, resulting in the formation of 

the NMC cathode sheet.  

An LCR meter is used to measure the 

conductivity of cathode pellets and coated 

cathode sheets. The powder cathodes were 

prepared by compacting them under a pressure of 

4000 psi using a hydraulic press with a die 

diameter of 15 mm and a sample weight of 2 g, 

resulting in circular NMC samples with a 

diameter of 15 mm and a thickness of 1.8 mm. A 

Scanning Electron Microscope (SEM) was used to 

observe the morphology and mapping of the 

surface and cross-sections of the samples [19], [20]. 

For cross-sectional observation, NMC 811 and 

NMC 111 cathode sheets were prepared with a 

slurry thickness of 300 µm, and the top layer 

consisted of a 0.017 mm aluminum sheet cut to 

0.015 mm. The samples were arranged in layers 

(sandwich structure) using carbon tape to ensure 

the layers remained intact during testing. The 

samples were placed in a standing position within 

the center of a mold made from PVC pipe sections 

with a diameter of 1 inch and a thickness of 15 

mm. The sandwich structure was then embedded 

in resin. Afterward, the resin-embedded samples 

were polished using sandpaper with a 

progressively finer grit, ranging from 400 to 5000 

mesh, and finally smoothed with an alumina 

suspension. 

 

3. Results and Discussion 

Morphological characterization using SEM 

was performed at 1,000x magnification to analyze 

the powder morphology of NMC 811 and NMC 

111, as shown in Figure 2a and Figure 2b. Both 

materials exhibit uniform spherical particles with 

varying sizes on a microscale. However, NMC 111 
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features relatively uniform, light-colored flake-

like shapes. Figure 3a and Figure 3b depict the 

surface morphology of NMC powders compacted 

into pellets: NMC 811 (Figure 3a) and NMC 111 

(Figure 3b). The pellets exhibit similar 

morphological features, including spherical 

particles with smaller flake-like particles. 

However, visible gaps or cavities remain between 

the particles, indicating areas not fully filled by 

the active material. 

In Figure 4a and Figure 4b, differences in 

morphology are evident. Figure 4a illustrates the 

surface morphology of the coating before the 

calendering process, while Figure 4b shows the 

morphology after calendering. Before 

calendering, the NMC 811 and NMC 111 cathodes 

exhibit uneven surfaces with irregularly sized 

particles protruding from the surface and visible 

cracks evenly distributed across the variations in 

slurry thickness. These cracks likely result from 

structural changes during the drying process at 80 

C. After calendering (Figure 4b), the cathode 

surface appears smoother, with cracks and gaps 

from the drying process no longer visible. 

 

 
Figure 2. Powder morphology: (a) NMC 811 and (b) NMC 811 

 

 
Figure 3. Surface morphology of coated NMC: (a) NMC 811 and (b) NMC 111 

 

 
Figure 4. Surface morphology of NMC pellets: (a) NMC 811 and (b) NMC 111 
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The cross-sectional morphology of the NMC 

cathodes was also examined to observe internal 

structural changes due to compression. Compared 

to surface morphology observations, NMC 111 

displays a denser structure, with smaller particle 

fragments filling the gaps between larger 

spherical particles, potentially improving 

conductivity. However, the surface remains 

relatively uneven, following the crack paths 

caused by sample fracturing during preparation. 

SEM morphological characterization of the 

MNC cathode resulting from coating using the 

cross-section method as presented in Figure 5a and 

Figure 5b, while Figure 6a and Figure 6b present the 

SEM morphology of the MNC cathode resulting 

from coating after the calendering process using 

the cross-section method. From the two images, 

the difference between the cathode resulting from 

coating before the calendering process and after 

the calendering process is clearly visible. On the 

cathode resulting from coating before the 

calendering process, it is very clear that the 

surface is uneven on almost all sides, and particles 

with different sizes also appear to protrude on the 

surface of the coating result. The distance between 

one particle and another with a ball-shaped 

pattern also looks uneven. Meanwhile, after going 

through the calendering process, the cathode 

surface becomes more even, and the thickness of 

the active material also gets smaller, this 

automatically has an impact on the distance 

between the particles that are getting closer 

together. Table 1 presents the thickness shrinkage 

value after the calendering process. 
Based on Table 1, the shrinkage value of the 

cathode sheet after going through the calendering 

process decreased by an average of around 31.293 

µm. It can be seen that there has been a decrease 

in the thickness of the coated cathode sheet of ± 

25.867%. This is due to the evaporation of the 

solvent liquid at the same time as the drying 

process of the cathode sheet using an oven it 

affects the distance between particles and results 

in the thinning of the coated cathode layer. Table 2 

presents data on the effectiveness of the slurry 

thickness on the coating results on the cathode 

sheet.

 

 
Figure 5. Cross-sectional morphology of coated NMC cathode: (a) NMC 811 and (b) NMC 111 

 

 
Figure 6. Cross-sectional morphology of MNC cathode after calendering process:  

(a) NMC 8111 and (b) NMC 111 
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Table 1. Effectiveness of coated cathode 

Type of NMC Coating Thickness  (µm) Effectiveness (%) 

811 58.401 18.799 

111 96.801 43.787 

 
Table 2. Thickness shrinkage after calendering process 

Type of NMC 
Cathode Thickness (µm) 

Shrinkage (µm) 
Before callendering After callendering 

811 58.401 39.602 18.799 

111 96.801 52.014 43.787 

 
Energy Dispersive Spectroscopy (EDS) is used 

to quantitatively analyze the elemental 

composition of Ni, Mn, and Co materials. The 

results of EDS characterization, presented as 

graphs showing the relationship between 

intensity and energy, are displayed in Figure 7a 
and Figure 7b. Table 3 summarizes the elemental 

composition percentages for the NMC powder 

material. EDS characterization provides a means 

to compare the chemical composition percentages 

of the base NMC material. Table 4 presents a 

comparison of the chemical compositions of the 

NMC powder material. Based on the 

compositional analysis using Energy Dispersive 

X-ray (EDX) on NMC 811 cathode powder 

material, the atomic composition percentages of 

Ni, Mn, and Co are 46.05%, 5.04%, and 6.47%, 

respectively. For NMC 111, the percentages are 

22.05%, 20.13%, and 20.20%, respectively. 

The EDS results for the coated cathode sheets, 

which compare the elemental composition 

percentages of NMC: PVDF: AB in an 85:10:5 ratio, 

indicate that carbon (C) is the dominant element. 

This dominance is due to the combination of AB 

and PVDF, the latter of which has a chemical 

composition of (CH2-CF2)n, also known as 

difluoroethylene. Changes in the percentages of 

Ni, Mn, and Co in the coated materials, compared 

to the original powder, can be attributed to the 

addition of AB and PVDF as additives. 

Figure 8a and Figure 8b illustrate the intensity-

energy relationship for the EDS characterization 

of Ni, Mn, and Co. For the coated cathode sheets, 

the compositional analysis using EDX reveals the 

atomic percentages of Ni, Mn, Co, and C as 

11.28%, 10.93%, 10.37%, and 93.44% for NMC 811, 

and 19.12%, 6.46%, 6.50%, and 41.04% for NMC 

111. From the mapping, it is evident that the 

elements Ni, Mn, and Co are distributed 

homogeneously across each surface of the sample, 

as shown in Figure 9. However, in Figure 10, several 

cavities are visible. This is due to the uneven 

particle size distribution, which causes a slight 

reduction in color brightness. In contrast, Figure 

8b shows a more homogeneous and denser 

element distribution, as smaller, flake-like 

particles fill the gaps between larger particles, 

resulting in a more even color brightness. 

Previous research has shown the surface 

morphology of the NMC 811 cathode material. 

The composition of the cathode material indicates 

that the NMC 811 cathode was successfully 

synthesized with nickel content ranging from 73% 

to 79%, manganese from 9% to 13%, and cobalt 

from 10% to 13%. Lithium-ion batteries using the 

NMC 811 cathode demonstrate capacities of 15.09 

mAh/g at 20g/L, 28.42 mAh/g at 30g/L, and 25.57 

mAh/g at 40g/L [21]. 

A study on the synthesis and characterization 

of a solid electrolyte based on lithium glass 

(AgI)0.33(LiI)0.33(LiPO3)0.3 reported a 

conductivity value of 2.35 x 10⁻³ S/cm for the LIXY 

component at 33.33, which is higher than that of 

LiPO3, which has a conductivity of 1.24 x 10⁻⁶ to 

1.24 x 10⁻⁷ S/cm [21]. Testing of active cathode 

materials in pellet form was conducted to facilitate 

the characterization process. The results of 

conductivity testing for the active materials NMC 

811 and NMC 111 using the HIOKI 3532-50 LCR 

meter are presented in Table 4. The conductivity 

measurements for the NMC 811 and NMC 111 

cathode sheets, with a coating thickness of 300 

µm, are shown in Table 5. 

 
Table 3. Elements content of NMC powder 

Type of NMC Nickel (%) Manganese (%) Cobalt (%) 

811 46.05 5.04 6.47 

111 22. 05 20.13 20.20 
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Table 4. Elemental content of the cathode sheet 

Type of NMC Nickel (%) Manganese (%) Cobalt (%) Carbon (%) 

811 11.28 10.93 10.37 93.44 

111 19.12 6.46 41.04 41.04 

 

Table 5. Conductivity of pellet NMC and cathode sheet NMC 

Type of NMC 
Conductivity (S.cm-1) 

Pellet Cathode Sheet 

811 6.43x10-8 81.79x10-8 

111 23.27x10-8 119.34x10-8 

 

 
Figure 7. Relationship between intensity and energy from EDS characterization of NMC powder: 

(a) NMC 811 and (b) NMC 111 
 

 
Figure 8. Relationship between intensity and energy from EDS characterization of cathode sheets: 

(a) NMC 811 (b) NMC 111 

 

 
Figure 9. Mapping the surface of NMC 811 cathode 
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Figure 10. Mapping of cross-section sheet of NMC 111 cathode 

 
Figure 11 and Figure 12 show the cross-sectional 

morphology of the NMC 811 and NMC 111 

samples. In both images, the distribution of 

internal elements is uneven, and cavities are 

present in some areas, as indicated by the 

variation in brightness levels. This suggests the 

need for a calendaring process to reduce the 

distance between particles and decrease the 

thickness of the cathode, which can improve the 

conductivity and capacity of the battery. 

Table 5 shows a difference in conductivity 

between the active material of the pellet cathode 

and the coated cathode sheet, as well as 

differences in compositional analysis using EDX. 

The pellet cathode is made from pure NMC 

material, while the coated cathode sheet is a 

composite material, combining NMC with other 

active materials such as Acetylene Black (AB) 

powder and Polyvinylidene difluoride (PVDF) in 

a weight ratio of 85:10:5. Despite these differences, 

both materials show an increase in conductivity 

for the cathode sheet that was successfully 

produced. 

Mapping and morphological observations, 

including both surface and cross-sectional 

methods of the coated cathode sheet, reveal 

several differences before and after the 

calendaring process for both NMC 811 and NMC 

111, such as element distribution, particle size, 

and density. NMC 111 has a denser structure than 

NMC 811, leading to a more even element 

distribution, which in turn increases conductivity. 

Conductivity measurements for the two coated 

NMC samples showed a value of 119.34 x 10⁻⁸ 

S.cm⁻¹ for NMC 811, and 81.79 x 10⁻⁸ S.cm⁻¹ for 

NMC 111. 

Higher cathode conductivity leads to increased 

battery capacity [22].  Research by YuJie Song et 

al. [16] shows that increasing cathode thickness 

enhances battery capacity. At thicknesses of 100-

200 microns, the increase in cathode thickness 

correlates with improved conductivity, which 

aligns with the results of this study. For NMC 111, 

which has been coated, an increase in cathode 

thickness from 200 microns to 300 microns 

corresponds to an increase in conductivity from 

4.13 x 10⁻⁸ to 119.34 x 10⁻⁸. For NMC 811, the 

conductivity increased from 81.79 x 10⁻⁸ to 199.71 

x 10⁻⁸ as the cathode thickness grew from 300 

microns to 400 microns. 

Research by Jihyeon Kang et al. [15] indicates 

that there is an optimal thickness that results in the 

highest conductivity. Our study also suggests that 

each type of cathode has an optimal thickness for 

maximum conductivity. This optimal thickness is 

influenced by the grain size and compactness of 

the cathode; smaller grain sizes and greater 

compactness result in better conductivity. These 

findings are consistent with research by Jelle 

Smekens, et al. [18] and Ruonan Yang, et al.[17]. 

 

4. Conclusion 

This study aimed to determine the optimal 

conditions for NMC 111 and NMC 811 cathodes 

with AB and PVDF additives to achieve high 

conductivity, considering both the cathode 

thickness and its microstructural conditions. The 

results showed that cathodes with additives 

significantly increased conductivity—NMC 111 

improved more than fivefold, from 23.27×10⁻⁸ 

S·cm⁻¹ to 119.34×10⁻⁸ S·cm⁻¹, and NMC 811 

increased more than twelvefold, from 6.43×10⁻⁸ 

S·cm⁻¹ to 81.79×10⁻⁸ S·cm⁻¹. Additionally, it was 

found that higher particle density, better size 

distribution, and finer particle grains resulted in 
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Figure 11. Mapping of cross-section of cathode sheet NMC 811 

 

 
Figure 12. Mapping the surface of NMC 111 cathode 

 

higher conductivity. Further research is needed 

to optimize the coating conditions with AB and 

PVDF for other types of NMC. The findings of 

this study can serve as a reference for developing 

cathodes that offer optimal conductivity, thus 

improving battery performance, particularly for 

electric vehicles. However, this study is limited 

to the use of AB and PVDF additives on only 

NMC 111 and NMC 811 cathode materials, and 

further development is necessary to explore their 

application on NMC 541, a material with more 

challenging microstructural control. 
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