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Abstract

:

Lithium-ion batteries (LIBs) remain the cornerstone of EV technology due to their exceptional energy density. The selection of cathode materials is a decisive factor in LIB technology, profoundly influencing performance, energy density, and lifespan. Among these materials, nickel-rich NCM cathodes have gained significant attention due to their high specific capacity and cost-effectiveness, making them a preferred choice for EV energy storage. However, the transition from the laboratory-scale to industrial-scale production of NMC-811 cathode material presents challenges, particularly in optimizing the oxidation process of Ni2+ ions. This paper addresses the challenges of transitioning NMC-811 cathode material production from a lab scale to a pilot scale, with its high nickel content requiring specialized oxidation processes. The important point emphasized in this transition process is how to produce cathode materials on a pilot scale, but show results equivalent to the laboratory scale. Several optimization variations are carried out, namely, the optimization of the heating rate and the calcination and sintering temperatures, as well as oxygen variations. These two aspects are important for large-scale production. This paper discusses strategies for successful pilot-scale production, laying the foundation for industrial-scale manufacturing. Additionally, NMC-811 cathodes are incorporated into 18650 cylindrical cells, advancing the adoption of high-performance cathode materials.
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1. Introduction


The world is facing a climate crisis due to global warming, with a temperature increase of 2.7 °C, as reported by McKinsey Energy Insights Global Energy Perspective (2021) [1]. Industry, transportation, and other sectors contribute nearly 60% of CO2 emissions from fossil fuel consumption. To reduce emissions and the burden of fuel subsidies, the government is promoting the use of Battery Electric Vehicles (BEVs) [2,3]. From 2012 to 2020, the global automotive landscape witnessed a remarkable transformation in the field of new energy vehicles (NEVs), including Battery Electric Vehicles (BEVs) and Plug-in Hybrid Electric Vehicles (PHEVs). During these eight years, NEV sales surged from 140,000 to 3.07 million units, representing an impressive annual compound growth rate of 47%, while market permeability climbed from 0.2% to 4% [2,4]. This growth was mainly due to global energy-conservation and emission-reduction policies. Governments worldwide encourage NEV adoption through incentives and stricter emissions standards, aligning with efforts to combat climate change and air pollution. NEVs are set for rapid expansion, playing a vital role in sustainable transportation and environmental responsibility [5].



Given the need for high energy density, lithium-ion batteries (LIBs) are the predominant option for the batteries employed in electric vehicles [6]. Although there have been suggestions and developments in post-lithium technologies like solid-state batteries (SSBs), sodium-ion batteries, lithium–sulfur batteries, lithium–air batteries, and multivalent batteries, these alternatives have not yet matured technologically compared to state-of-the-art LIBs. As a result, it is most likely that LIBs will continue to maintain their market dominance for at least the next decade [7,8].



The choice of cathode material remains a critical factor in LIB technology that significantly impacts the advancement and broader adoption of LIBs [9]. Cathodes play a pivotal role in determining the overall performance, energy density, and lifespan of LIBs [10]. Numerous cathode materials have undergone investigation to enhance the energy density of LIBs. Among these cathode materials, nickel-rich NCM cathodes have garnered significant research attention for high-energy applications owing to their greater specific capacity. The higher mass proportion of nickel also reduces the cobalt content, contributing to a relatively low cost [11,12]. Currently, electric vehicle (EV) manufacturers, including VW, GM, Tesla, BYD, BAIC, Nissan, and Hyundai, are either in the process of planning or have already adopted NCM-811 (or its variations such as NCMA-811 with a small amount of aluminum) as their advanced cathode chemistry [13,14]. Achieving a specific capacity of 220 mA·h g−1 is possible through elevated nickel (Ni) contents and higher charging voltages. This level of capacity is immensely coveted for the forthcoming generation of electric vehicles (EVs). Manufacturers are targeting ranges over 600 km per charge, bringing them near the ranges of internal-combustion-engine vehicles [13,15,16]. This advancement is particularly significant considering the desire for longer driving distances and the transition towards more sustainable transportation options.



So far, several factors have influenced the success of the production transition from the laboratory scale to the industrial scale. NMC-811 has a high nickel content and can be classified as a nickel-rich cathode. This requires special treatment, especially in the heating process, to ensure that the oxidation of the Ni2+ ions contained in the precursor can take place optimally. This study utilized oxalate-based coprecipitation, as this method does not necessitate an inert atmosphere and is more environmentally friendly. In the oxalate coprecipitation method, the valence state of manganese always remains divalent and stable in an aqueous environment. Oxalate-based coprecipitation can produce fine-sized NMC with excellent homogeneity [17]. The hydroxide coprecipitation process uses sodium hydroxide (NaOH) and requires ammonia (NH3) as a chelating agent. In this process, the chelating agent (NH3) is needed in large quantities. Precipitation waste containing NH3 is dangerous for operators if inhaled and pollutes water ecosystems, so it is not environmentally friendly if applied on an industrial scale. Oxalate coprecipitation, which does not require inert conditions, is also an advantage because Co ions are oxidized when the reaction process is carried out inertly [18]. In terms of increasing the production scale, the coprecipitation method with oxalate is easier to carry out compared to methods using other precipitate agents. Apart from being environmentally friendly, oxalic acid is a cheap material, which is one of the main considerations for its use in industrial-scale NMC cathode production. Therefore, this paper aims to discuss optimization and steps concerning pilot-scale NMC-811 production, which will be the initial basis for moving to an industrial scale. The correlation between the morphology and crystallinity of NMC-811 and the electrochemical performance of fabricated batteries with 18650 cylindrical cells using cathode NMC-811 are carefully analyzed.




2. Materials and Methods


2.1. Materials


The main materials used in this production were nickel sulfate hexahydrate (NiSO4·6H2O) from Zenith, Taichung, Taiwan; manganese sulfate monohydrate (MnSO4·H2O) from China; cobalt sulfate heptahydrate (CoSO4·7H2O) from Rubamin, Gujarat, India; and lithium hydroxide monohydrate (LiOH·H2O) from Yujiang Chemical, China. The supporting materials used were oxalic acid dihydrate (H2C2O4·2H2O) from Jinan, China, as a precipitation agent, and sodium hydroxide (NaOH) from Asahimas Chemical, Ltd., Jakarta, Indonesia, as a pH control. For Li-ion battery fabrication, powdered cathode and anode materials needed to be coated on the surface of the current collector. Before coating, NMC-811 and graphite cathode powders (Gelon, Linyi, China) were made in slurry form to facilitate coating. The conductive agent acetylene black (Gelon, China) was added to the slurry, and binders with a mixture of carboxymethyl cellulose (CMC) (Yucmc, Hebi, China) and styrene butadiene rubber (SBR) (Gelon, China) with water were used as a solvent. The anode was battery-grade graphite (Gelon, China). The current collector for the cathode was aluminum foil, and the current collector for the anode was copper foil from Gelon, China.




2.2. Methodology


2.2.1. Material Production


The precursor was prepared with an acidic process by mixing NiSO4·6H2O, MnSO4·H2O, and CoSO4·7H2O in distilled water with a Ni:Mn:Co molar ratio of 8:1:1 for the TM (transition metal) source. The TM mixture solution was added to a 1 M oxalic acid solution in a reactor, and a greenish colloidal solution was obtained. Then, 5 M NaOH was added as a pH adjuster to obtain a pH of 3, and the mixing solution was heated at 65 °C for 2 h. After the mixing process took place, the precipitation solution was washed using water. The washing process was carried out four times using the sedimentation and draining method to reach pH 7. The precipitate that formed was dried in an oven overnight to remove the water content, and a dry powder formed called an NMC811–oxalate precursor (NMC811-OX).



The NMC811–oxalate precursor was mixed with lithium hydroxide (LiOH·H2O) in the solid state. The solid mixture was calcinated and sintered in various temperature conditions under oxygen gas flow. In the laboratory-scale production, a maximum of only 500 g of NMC cathode products can be made. The production scheme carried out on a pilot scale was planned to produce with a base capacity of 10 kgs of NMC-811 cathode products for the entire production line from the raw-material mixing process to the heating process in the furnace. Two variations of muffle furnaces were used in these materials’ development:




	
Furnace-K (MTI, Model KSL-1200X-UL) had a heating chamber volume of 30 cm × 20 cm × 12 cm (W × D × H) and reached temperatures up to 1200 °C;



	
Furnace-B had a heating chamber volume of 60 cm × 60 cm × 60 cm (W × D × H) and reached temperatures up to 1200 °C (Zhengzhou Protech Technology Co., Ltd., Model BS-A1200-216L, Zhengzhou, China).









2.2.2. Material Characterization


Basic material testing was carried out on the NMC811 cathode to analyze the quality of the product before it was fabricated in the form of a Li-ion battery. Fourier-Transform Infrared Spectroscopy (FTIR) was used to analyze the hydrocarbon functional groups in the NMC-811 cathode sample using a Shimadzu FTIR tool from Kyoto, Japan. Crystallinity analysis was carried out on the NMC-811 cathode with a Bruker D8 Advance X-Ray Diffractometer (XRD) from Ettlingen, Germany. Thermal tests were also carried out on precursor NMC (p-CAM) samples to identify changes in mass during the heating process. This test used a Thermogravimetric Analysis (TGA) product from Shimadzu, Kyoto, Japan. Scanning Electron Microscopy (SEM) was carried out on cathode samples to determine the morphological appearance of the material and evaluate the uniformity of particle shapes and sizes. The SEM tool used in this case was a JEOL Benchtop JCM-7000 from Tokyo, Japan.




2.2.3. Electrochemical Performance of Li-Ion Batteries


In LIBs, cell production consists of three main steps: electrode manufacture, cell assembly, and cell finishing. The cells contained an NMC-811 cathode, a graphite anode, a polyethylene separator, and an electrolyte (LIPF6). The first step was manufacturing the electrode. The cathode slurry was formed using water-based and room-temperature conditions. A slurry consisting of NMC-811 powder, acetylene black, CMC, and SBR was dissolved in distilled water as a solvent. Mixing the cathode slurry was an important part of obtaining a better dispersion of powder material in the polymer matrix [19]. In addition, the anode slurry was prepared by mixing graphite, acetylene black, CMC, and SBR in distilled water. After the slurry was ready, the cathode NMC-811 was coated in conductive foil and an aluminum roll and the anode graphite slurry was coated in a copper roll. The process of coating the conductive foil was continuously transferred to the dryer. The dried electrode sheet was pressed using a rotary pressing machine and then cut with an electrode width of 5.6 cm. Then, the cathode NMC-811, polyethylene separator, and anode graphite were prepared automatically for the 18650 cylindrical cells. The negative-to-positive ratio (n/p ratio) for the anode and cathode was 1.2. The mass loading on the cathode sheet was 33.5 mg/cm2 and the mass loading on the anode sheet was 15.81 mg/cm2. The cells were aged for a night to remove any water components under atmospheric pressure and a temperature of 60 °C. After the aging stage, 5 mL of a 1 M LiPF6 electrolyte was added to the cells, and the cells were closed and sealed for the formation analysis. The electrochemical performance test of the NMC-811 cathode material was carried out by making it into a 18650 Li-ion battery. This test was carried out with a Neware 8 Channel Battery Analyzer (Xiamen, China) with a voltage window of 2.5–4.3 Volts at a current of 0.05 C. This test is called a formation test.






3. Results and Discussion


3.1. Characterization of NMC811


The Scanning Electron Microscopy (SEM) analysis aimed to analyze the cathode’s particle size, surface morphology, and uniformity. Figure 1 shows images of the results of morphological tests on NMC-811 cathode samples with two magnification variations: 500× and 5000×. Based on the SEM test results, the particle size was uniform and there was no significant agglomeration between the particles. At a sufficient magnification with a scale of 5 µm, it could be seen that the primary particles gathered together to form secondary particles. A commercial cathode material has a particle size in the range of 1–25 µm, with an average size of around 10.5 µm, and a dense spherical particle shape [3,12,20].



Meanwhile, the shape of the cathode material produced with both the small furnace (FK) and large furnace (FB) was not as good as that of the commercial NMC-811 cathode material but could be classified as pebbles that were close to spherical [12,20]. Managing the particle size within the active phase is crucial because the rate capability of a battery is closely connected to the diffusion path length of the charge species. The FK cathode material exhibited a broad particle-size distribution spanning from 9 to 63 µm, with an average size of 25.4 µm. This characteristic was indicative of its inherent heterogeneity. The FB group cathode produced secondary particles with irregular shapes and heterogeneous characteristics. The size distribution was wide, varying from 2 to 22 µm with an average size of 7.53 µm for FB-1, from 9 to 32 µm with an average size of 9.8 µm for FB-2, and from 9 to 50 µm with an average size of 20.3 µm for FB-3. The FK featured a small-volume chamber that supported excellent heat and gas flow distribution, resulting in a dense pebble-like structure closely resembling a spherical shape [3,21].



In contrast, the FB had a chamber volume approximately 30 times greater than the FK’s. Consequently, it is more likely that the heat distribution in the FB was not as effective as in the FK, leading to a more irregular structure in the morphology of the FB-group cathode materials. The process conditions were adjusted considering the larger chamber in the FB (Table 1). The holding times in the calcination and sintering processes were extended, and the gas flow was increased by three or four times compared to the FK, aiming to support a more efficient oxidation process. Despite these modified process conditions, the current conditions were still inadequate for producing cathode materials with a desirable morphology.



FTIR was applied to investigate the surface chemical composition of the NMC-811–oxalate precursor and the active material NMC-811 before and after the sintering stage, as shown in Figure 2. Before sintering, the NMC–oxalate precursor and the NMC-811 MA displayed significant peaks at 3346 cm−1, 1611 cm−1, and 1312 cm−1, which, respectively, represented O-H, C=O, and C-O bonds from the carboxyl functional group of oxalic acid. The oxidation process was successfully achieved in both the FK and FB materials after the sintering process, as indicated by the disappearance of organic functional groups in the FTIR spectra of both materials. C-O bond peaks vanished at about 1400–1300 cm−1 for the FK and FB materials because of the dissociation of carboxyl in the heating process and the release of CO2 gas.



The peaks detected at 860 cm−1 in NMC oxide for the FB and FK samples can be attributed to the existence of Li2CO3 impurities. These impurities arose from surface reactions between Li+ ions and atmospheric gases [1]. Despite successfully completing the oxidation reaction for both materials, obtaining a layered structure remained a critical objective. The FTIR results of the NMC–oxalate precursor and the NMC-811 active materials (FK-FB) were comparable to those of the reactions given in Equations (1) and (2):


0.8NiSO4·6H2O(l) + 0.1MnSO4·H2O(l) + 0.1CoSO4·7H2O(l) + H2C2O4·2H2O(l) → Ni0.8Mn0.1Co0.1C2O4·2H2O(s) + H2SO4(l) + 5.6 H2O(l)



(1)






   Ni 0.8   Mn 0.1   Co 0.1   C 2   O 4  · 2  H 2   O  ( s )   + LiOH ·  H 2   O  ( S )      →  Δ   Li  Ni 0.8   Mn 0.1   Co 0.1   O  2 ( s )   +  gases  ( g )    



(2)







XRD characterization was performed to determine the crystalline structures of NMC-811. Figure 3 presents the XRD patterns of the FK and FB samples. The XRD experimental data were compared to the Joint Committee on Powder Diffraction Standards (JCPDS) reference pattern No. 98-001-0448 using Highs Core Plus Software. The analysis identified that the diffraction pattern was compatible with the JCPDS No. 98-001-0448 of NMC. All peaks were indexed on the basis of the hexagonal a-NaFeO2 structure with the R3m space group [2]. The well-ordered, layered material could be assessed utilizing the lattice parameter and the I ratio presented in Table 2. The substantiation of the layered configuration was established using the c/a ratio of the lattice parameter, which served as a direct indicator of the lattice’s deviation from a perfect cubic close-packed lattice. An ideal close-packed lattice is characterized by a c/a value of 4.899 [4]. Notably, the observed c/a ratios in all our samples surpassed 4.900, affirming the presence of a well-organized layered structure. However, the doublet peaks for the (006)/(102) reflections at 37° (2θ) and the (018)/(110) reflections at 65° (2θ) were also indicative of the presence of ordered hexagonal layered structures [3]. The doublet peaks were obviously observed in FK and FB-3, while FB-1 and FB-2 did not show distinct splitting for the (006)/(102) and (018)/(110) reflections. This clearly confirmed that the longer heating time and the higher gas flow for the cathode material production with FB favored the formation of the well-ordered layered structure necessary for the efficient intercalation/deintercalation of lithium ions during battery charge–discharge cycles. This was evidenced by the clear peak splitting of the (006)/(102) and (018)/(110) reflections. Furthermore, the potential for cation mixing arose from introducing a small quantity of Ni2+ at the Li+ site. This mixing occurred because of the presence of Ni2+ during phase formation, detrimentally affecting the performance of the NMC cathode material. Replacing Li+ with Ni2+ obstructed the Li-ion pathway, leading to suboptimal electrochemical performance. It is noteworthy that a higher value of I(003)/I(104) corresponded to reduced cation mixing in the material [22]. The ideal value of I(003)/I(104) is >1.2. Table 2 indicates that the I(003)/I(104) ratio value was greater than 1.2 for all samples, signifying a low degree of cation mixing.



Thermogravimetric analysis (TGA) aims to analyze mass changes with a simulated increase in temperature according to the sintering temperature. Figure 4 displays the TGA test results of precursor NMC (p-CAM). The initial mass reduction, occurring in the temperature range of 100–150 °C, had a notable decrease of 8.04%. This reduction was attributed to the evaporation process, specifically the release of H2O molecules trapped within the molecular structure. The second stage began in the temperature range of 150–200 °C and signified a subsequent decrease of 4.27%, which was associated with processes such as dehydration or hydrate release. A significant weight loss of 33.33% was observed in the third stage in the temperature range of 200–500 °C, indicating the occurrence of NMC–oxalate decomposition to NMC oxide [23]. The reactions in these processes are shown in Equations (1) and (2). These findings were consistent with those of the FTIR test, which were noticeable due to the disappearance of organic functional groups in the FTIR spectra of both FK and FB materials. The disappearance of peaks was related to the breakdown of oxalate carboxyl groups during the heating process, leading to the release of CO2 gas [24].




3.2. Electrochemical Performance Analysis of NMC-811–Graphite Battery


The electrochemical performance test aimed to analyze the capabilities of the cathode material when fabricated in the form of a full-cell battery with a graphite anode. Graphite is an anode material that is widely used and is commonly used in the LIB industry. There are several alternative anode material choices, such as Hard Carbon [25]. However, due to its cheap price and fairly good performance when combined with LIB cathodes, in this experiment, graphite material was chosen as the anode. Electrochemical tests were carried out using cylindrical cell type 18650. The cylindrical type was chosen. It has good mechanical stability because it uses stainless steel for the outer case [26] and has wide applications for stationary energy-storage systems and moving vehicles such as e-bikes, e-motorcycles, and electric cars [26]. The produced NMC-811 cathode samples were evaluated for capacity based on commercial materials in this test. Figure 5a displays the battery capacity testing (discharge) results in the first cycle formation process with a current of 0.05 C. The commercial material showed a specific capacity result of 155 mA·h/g, and the produced cathode material showed specific capacity results of 115 mA·h/g (FB) and 154 mA·h/g (FK). The battery cell with the best performance-specific charge–discharge capacity was the one with NMC-811 synthesized in a small muffle furnace (FK) rather than FB. Based on the active material characterization, the crystallinity of NMC-811 in FK is superior to that in FB.



This result is considered quite useful because it shows that the capacity produced by FK batteries makes up 90% of the capacity of commercial materials assembled in the same conditions. Apart from that, the durability of the battery was also tested at various currents. This rate-capability test used currents of 0.1, 0.2, and 0.5 C. The test results showed a decrease in capacity. The capacity decreased by 7.6% from 141 mA·h/g to 130 mA·h/g with a current of 0.2 C. Then, a decrease of 1.0% occurred from a current of 0.2 C to a current of 0.5 C. The rate-ability test is shown in Figure 5b.



The cycling performance of the FK and FB samples was compared with the commercial material for 50 cycles at 0.5 C, as shown in Figure 5c. Overall, the sample had excellent stability, although the specific capacity differed. At 0.5 C, the FK sample had a higher specific capacity than the FB sample, but the FB sample had good stability. It was concluded that the crystals of FB materials can still be considered to improve the specific capacity.



Table 3 confirms that extending the heating time and increasing the gas flow rate during large-scale production using FB improved the initial discharge capacity of the materials. Specifically, the measured values for FK, FB-1, FB-2, and FB-3 were 154 mA·h/g, 61 mA·h/g, 103 mA·h/g, and 114 mA·h/g, respectively. The cell-performance distribution was assessed using discharge data from 10 battery samples, and a narrower distribution was observed in the FB samples, as indicated by the low standard deviation. However, when compared to FK, a relatively low capacity was exhibited by FB. This was assumed to be due to the uneven distribution of oxygen gas in larger furnaces, as it may not be possible to attain the same level of uniformity observed in smaller-scale furnaces, thereby affecting the efficiency of the metal-oxidation process. The I ratio of FB in Table 2 indicates better cation mixing, but there are other factors that influenced the battery-capacity test results. Based on the SEM test results in Figure 1, it can be seen that the morphology of the FK and FB cathodes was rougher than that of the commercial materials. This resulted in the surface area of the material becoming larger, as the smaller the particle size, the greater the surface area. The average particle size data also show that the particle size of NMC-FB was smaller than that of commercial NMC. This also supports the existence of a larger Cathode Electrolyte Interface (CEI) phenomenon, thus indicating a large production material capacity compared to commercial NMC materials.





4. Conclusions


In conclusion, the successful pilot-scale production of the NMC-811 cathode material marks a significant milestone, paving the way for potential mass production. The thorough examination of NMC-811 cathode morphology revealed distinct characteristics among different cathode materials. While the commercial cathode material demonstrated a well-defined size and shape, the FK and FB cathode materials exhibited wider size distributions and pebble-like morphologies. Despite concerted efforts to improve the process conditions, particularly in the larger-volume FB chamber, challenges persist in achieving the intended cathode material morphology. This highlights the complexity of controlling particle size to enhance the battery’s rate capability and the need for further refinement in the manufacturing process. Crystallography characterization further elucidated the sensitivity of NMC-811 crystallinity to the duration of sintering and calcination. The optimal crystallinity for the FB cathode material was achieved through 8 h of calcination and 19 h of sintering. This understanding is crucial, as it impacts the electrochemical performance of the battery. The electrochemical analysis comparing FK and FB revealed promising results. With its optimized crystallinity, the FB cathode material could perform with an I ratio greater than 1.2, indicating reduced cation mixing. Regarding capacity, FB delivered 154 mA·h/g, outperforming FK at 115 mA·h/g across various performance rates. Moreover, stability was observed at different C rates (0.1 C, 0.2 C, and 0.5 C), suggesting greater performance. While these findings are encouraging, there is a recognized need for further research to fine-tune and optimize the electrochemical performance of the battery. This ongoing investigation aims to bridge the gap between the achieved capacity and the theoretical capacity of NMC-811, ultimately enhancing the practical viability of this cathode material for advanced energy-storage applications.
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Figure 1. Morphology analysis of NMC-811 cathode material. (a–c) SEM images at 500× and 2500× magnification and particle-size distribution of commercial NMC811. (d–f) SEM images at 500× and 2500× and particle-size distribution of NMC–oxalate precursor. (g–i) SEM images at 500× and 2500× and particle-size distribution of NMC-811 produced with small furnace (FK). (j–l) SEM images at 500× and 2500× and particle-size distribution of NMC-811 produced with large furnace with process condition 1 (FB-1). (m–o) SEM images at 500× and 2500× and particle-size distribution of NMC 811 FB with process condition 2 (FB-2). (p–r) SEM images at 500× and 2500× and particle-size distribution of NMC-811 FB with process condition 3 (FB-3). 
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Figure 2. FTIR spectra of NMC-811 materials. 
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Figure 3. XRD analysis of NMC-811 from small furnace (FK) and large furnace (FB). 
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Figure 4. Thermogravimetric analysis (TGA) of NMC-811 cathode material. 
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Figure 5. Electrochemical performance test results: (a) Full-cell analysis charge–discharge test at 0.05 C, (b) rate performance of NMC-811 cathode material, and (c) cycle stability at 0.5 C. 
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Table 1. Variations in the heating rate and O2 flow rate during the heating process.
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Muffle Furnace

	
Variation

Code

	
Process Condition

	
O2 Flow Rate




	
Calcination

	
Sintering

	
Cooling




	
T1 (°C)

	
HT * (min)

	
T0 (°C)

	
Time (min)

	
T1 (°C)

	
HT * (min)

	
T0 (°C)

	
Time (min)

	
T1 (°C)

	
L/min






	
Furnace-K

	
FK

	
450

	
360

	
450

	
70

	
800

	
900

	
800

	
180

	
30

	
5




	
Furnace-B

	
FB-1

	
450

	
360

	
450

	
100

	
800

	
900

	
800

	
250

	
30

	
15




	
FB-2

	
450

	
480

	
450

	
100

	
800

	
1020

	
800

	
250

	
30

	
15




	
FB-3

	
450

	
480

	
450

	
100

	
800

	
1140

	
800

	
250

	
30

	
20








* HT = Holding time.













 





Table 2. Lattice parameter and I ratio of NMC sample.
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No.

	
Materials

	
Heat Treatment Condition

	
a (Å)

	
c (Å)

	
c/a

	
I Ratio




	
1st Step

	
2nd Step

	
O2 Flow

(L/min)






	
1

	
FK

	
450 °C, 360 min

	
800 °C, 15 h

	
5

	
2.881

	
14.230

	
4.939

	
1.505




	
2

	
FB-1

	
450 °C, 360 min

	
800 °C, 15 h

	
15

	
2.886

	
14.227

	
4.929

	
1.550




	
3

	
FB-2

	
450 °C, 480 min

	
800 °C,17 h

	
15

	
2.887

	
14.203

	
4.919

	
1.734




	
4

	
FB-3

	
450 °C, 480 min

	
800 °C, 19 h

	
20

	
2.887

	
14.216

	
4.923

	
1.291











 





Table 3. Electrochemical performance and cell-performance distributions for FK and FB samples.
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Cathode Material

	
Heat-Treatment Condition

	
Initial Discharge Capacity (mA·h/g) 0.05 C

	
Cell-Performance Distribution

0.05 C (N = 10)




	
First Step

	
Second Step

	
O2 Flow (L/min)

	
Min. (mA·h/g)

	
Max. (mA·h/g)

	
Mean (mA·h/g)

	
S·Dev






	
FK

	
450 °C, 360 min

	
800 °C, 15 h

	
5

	
154

	
134

	
154

	
141

	
6.91




	
FB-1

	
450 °C, 360 min

	
800 °C, 15 h

	
15

	
61

	
76

	
61

	
64

	
4.39




	
FB-2

	
450 °C, 480 min

	
800 °C,17 h

	
15

	
103

	
98

	
104

	
101

	
2.21




	
FB-3

	
450 °C, 480 min

	
800 °C, 19 h

	
20

	
114

	
104

	
114

	
109

	
3.44
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