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Abstract: Nickel-rich cathode material, NCA (85:14:1), is successfully synthesized using two different,
simple and economical batch methods, i.e., hydroxide co-precipitation (NCA-CP) and the hydroxides
solid state reaction method (NCA-SS), followed by heat treatments. Based on the FTIR spectra, all
precursor samples exhibit two functional groups of hydroxide and carbonate. The XRD patterns of
NCA-CP and NCA-SS show a hexagonal layered structure (space group: R_3m), with no impurities
detected. Based on the SEM images, the micro-sized particles exhibit a sphere-like shape with
aggregates. The electrochemical performances of the samples were tested in a 18650-type full-cell
battery using artificial graphite as the counter anode at the voltage range of 2.7-4.25 V. All samples
have similar characteristics and electrochemical performances that are comparable to the commercial
NCA battery, despite going through different synthesis routes. In conclusion, the overall results are
considered good and have the potential to be adapted for commercialization.
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1. Introduction

Current technology for energy storage has shifted from conventional lead acid batteries to
lithium-ion batteries (LIBs) due to the rapid increase of electronic devices which require high energy
and power density power sources [1,2]. Intercalation cathode material in LIBs is the most important
factor determining the cell’s performance, thus most studies have been focused on the development of
such material and performance enhancement efforts. Lithium transitional metal oxide, such as LiCoO,
(LCO), has been widely used for intercalation cathodes since the late 20th century. However, the fact
that it is highly toxic, expensive, and thermally unstable, and has a poor rate ability during extensive
cycling are the shortcomings of LCO. On the other hand, extensive cobalt exploitation may result in
geopolitical and humanity issues [3]. Reducing the cobalt content while increasing cheaper and more
available materials such as nickel (Ni) has been discussed in the past twenty years [4]. Ni-rich cathode
materials enjoy the advantages of a high capacity and high power density due to their relatively
high potential vs. Li (3.7 V). This situation is extremely important for designing high-performance
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LIBs. For example, nickel-rich cathode material (NCA) (LiNixCoy Al,O,) batteries have been applied
to TESLA Electric Vehicles (EVs) due to their superior performance and lower price compared to
commercially established LCO batteries [5,6].

Various methods of obtaining NCA cathode powders have been performed by researchers.
Direct solid state synthesis of NCA is the most simple and scalable method for mass powder
production; however, the obtained powder exhibits poor atomic homogeneity despite multiple ball
milling processes, a higher sintering temperature, and a longer sintering time being applied [7,8].
To overcome the inhomogeneous composition, a wet route such as sol-gel [9,10] and the spray
method [11-13] were employed. Although particles with a unique morphology were obtained,
these methods involve costly organic and flammable material which increases safety concerns, so
large-scale adaptation is hindered [4,14]. Recently, the co-precipitation process of an NCA precursor
(hydroxide and carbonate), followed by solid state lithiation, has become the preferred method for
producing NCA commercially [15-17]. This method is also used in the functionalization, doping, and
surface modification (coating) of NCA powders [18-21]. Major advantages of the co-precipitation
method are: it does not require sophisticated technology; any raw material can be used, as long as it
dissolves easily in the solvent; it has a mild operation condition; and it produces spherical secondary
particles with a narrow size distribution. Recent studies on continuous co-precipitation have produced
satisfying results [22-25]. However, extensive control of pH, flow rate, agitation, and temperature has
become the main problem in developing the method. On the other hand, such a method requires a
long reaction and aging time, which is unfavorable for industrialization. Thus, a facile, inexpensive,
and simple route to obtain NCA cathode material is greatly needed.

In this study, we performed batch syntheses of nickel-rich NCA (LiNij g5C0 14Al 01 Oz) using the
solid state method and co-precipitation methods, as efforts to reduce the complexity of the continuous
process stated before. The solid state reaction was performed by heating pre-milled starting materials.
Unlike previous studies, metal hydroxides as raw materials are chosen rather than metal oxides due
to their similar sintering behavior to the precursor obtained from co-precipitation. Batch hydroxide
co-precipitation was carried out using technical grade materials such as Li, Ni, Co, and Al sources;
ammonia as the chelating agent; and NaOH as the precipitant. To the best of our knowledge, such
approaches have never been reported. The electrochemical performance of the products was analyzed
in a full-cell 18650-type battery using graphite as the commercial counter anode. The charge-discharge
performance of NCA samples and commercial NCA is comparable. This situation provides strong
evidence that such methods are suitable for mass production and commercialization.

2. Materials and Methods

2.1. Material Synthesis

NCA powders were obtained using two different routes. NCA powders obtained by the solid-state
method (NCA-SS) were obtained by mixing solid materials of LiIOH (merck, Germany), Ni(OH),
(merck, Germany), Co(OH), (merck, Germany), and Al(OH);.H,O (merck, Germany) using a ball mill
for 3 h in ethanol medium (1:1 w/w). The hydroxide composite (NCA-PSS) was calcined at 450 °C
under air for 6 h and sintered at 800 °C under oxygen flow of 2 L/min for 12 h.

For the hydroxide precursor, 100 ml of 2 M of technical grade Ni5O4.6H,O (Zenith, Brazil),
C0S04.7H>0O (Rubamin, India), and Al,(504)3.18H,0 (Indoacid, Indonesia) with a molar ratio of
Ni:Co:Al = 85:14:1 was mixed with 100 ml of 1 M NH4OH inside a three-necked round bottom flask
and heated to 60 °C for half an hour to form a stable metal ions complex. Separately, 150 ml of 4 M
NaOH (Asahi, Indonesia) solution was also heated to 60 °C. Both solutions were mixed together to
form a greenish precipitate. The stirring speed and temperature were maintained at 600 rpm and 60 °C
using an overhead mixer and water bath, respectively. The pH of the solution was monitored using a
calibrated pH meter and maintained at the level of 10-11. After 6 h of mixing and monitoring, the
temperature was cooled down to room temperature while the stirring was maintained for twelve hours.
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The precipitates were filtered and washed three times using hot demineralized water and once with
alcohol, followed by drying in the oven for 3 h. The powder was denoted as NCA-PCP. The powders
were mixed thoroughly with LiOH with an excess mole of 5% using a mortar and pestle and calcined
at 450 °C for 6 h under air followed by sintering at 800 °C for 12 h under oxygen flow of 2 L/min.
The NCA powder obtained from NCA-OH was denoted as NCA-HC. The overview of each process is
presented in Table 1.

Table 1. Overview of each process.

Parameter Solid State Method Hydroxide Co-Precipitation
Materials Metal hydroxides Metal sulfate and LiOH
Chelating Agent - NH3.H20
Precipitant - NaOH
Precipitation time - 6h
Aging time - 12h
Milling time 3h 30 min
Heat treatment 20h 20h

2.2. Material Characterization

The crystal structure of the products was analyzed using an X-Ray Diffractometer (D2 Phaser

Bruker, Germany) employing CuKa radiation A = 1.54 A with a 20 range of 10-80° and scan-rate of
0.02° per second. The morphology of the sample was analyzed using a Scanning Electron Microscope
(SEM) (JEOL JSM-6510LA, Japan). The Ni, Co, and Al elements in the powder were analyzed
using X-Ray Fluorescence (Bruker XRF Spectrometer, Germany). The functional groups and surface
composition of the precursors and as-prepared samples were analyzed using Fourier Transformed
Infrared Spectroscopy (FTIR Spectroscopy) (Shimadzu FTIR Spectrometer, Japan).

2.3. Electrochemical Performance Test

The electrochemical performance was tested using a cylindrical full cell (18650) utilizing artificial
graphite or mesocarbon microbeads (MCMB) (MTI, America) as the counter anode. The acetylene
black (AB) and polyvinylidene fluoride (PVDF) (MTI, America) were used as a conductive agent and
binder, respectively. To assure full Li-ion transfer, the cathode was chosen as the limiting electrode;
therefore, it was selected as the basis mass of calculation. The cathode slurry was prepared by mixing
NCA samples with AB and PVDF with the ratio of NCA:AB:PVDF = 92:3:5 in N-Methyl-2-pyrrolidone
(NMP) solvent. The slurry was subsequently cast on both sides of aluminum (Al) foil using a doctor
blade with the thickness of 150 um and dried in an oven at 120 °C for 1 h. The dried cathode was
transferred to a vacuum oven and dried at 80 °C for 12 h. The counter anode slurry was prepared by
MCMB, AB, and PVDF with the ratio of MCMB:AB:PVDF = 92:3:5 in NMP solvent. The anode slurry
was cast on both sides of copper (Cu) foil with a thickness of 100 pm and dried in vacuum for 12 h.
The cathode and anode sheet were pressed and silted. The calculated mass loading of the cathode and
anode was 30 mg/cm? and 24 mg/cm?, respectively. The edge of the cathode and anode were welded
with an Al and Ni tab, respectively. Both welded electrodes along with polypropylene separator (MTI,
America) were rolled using a winding machine (MSK-112A, MTI) and assembled in a cylindrical
case, while the electrolyte (1 M LiPFy in Ethylene Carbonate (EC):Diethyl Carbonate (DEC):Dimethyl
Carbonate (DMC)=1:1:1, v/v (MTI, China)) filling was performed inside ab argon-filled glovebox.
After the cell was assembled, the cell was aged for a day before the electrochemical performance was
tested. The charge-discharge performance was tested using an NEWARE Battery analyzer and BTS
software with a voltage window of 2.7-4.25 V at 0.05 C or 10 mA/g (1 Ciheoretical = 200 mA/g). The first
three cycles were considered as formation cycles, while the capacity of the cell was determined from
the next cycle. The rate and cycle performances were carried out based on the true capacity of the
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cell. As a comparison, a battery using commercial NCA (BTR, China) as the cathode and MCMB (MT],
America) was fabricated and tested.

3. Results and Discussion

3.1. NCA Precursor Characterization

Figure 1 shows the FTIR spectra of precursors from each process, namely NCA-PCP and NCA-PSS.
The absorbance spectra of NCA-PCP and NCA-PSS samples show similar results to those of studies by
Agarwal et al. on Ninanoplates [26], Motlagh et al. on Ni(OH)/NiO nanoparticles [27], and Seo et al. on
Li(Nigg§Co0.16A10.04)O, materials [15]. The sharp peak around the value of 3600/cm and the broad peak
around the value 3400/cm indicate a stretching mode of the disturbed hydroxide group and stretching
vibration of the free hydroxide group, which correspond strongly to the presence of metal hydroxide
species (Ni(OH);). The peak around 1600/cm indicates the bending mode of water molecule vibration,
while the peak around 1400/cm indicates a CO32~ stretching band, so it could be concluded that the
sample contained carbonate and water species due to the direct contact of sample powders with air
during the preparation. Double peaks which occurred in NCA-PSS were caused by the presence of
LiOH in the composite, which is easily converted to Li;CO3; under an atmospheric condition. As a
result, sample NCA-PSS has a stronger carbonate peak compared to NCA-PCP. Based on Figure 1,
the co-precipitation of the hydroxide precursor using technical grade starting materials shows no
observable oxide impurities, which often occurs during atmospheric co-precipitation of Co in a highly
alkaline solution [28]. The oxidation of Co is prevented due to the de-aeration process before the
co-precipitation process occurs.
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Figure 1. FTIR Spectra of the (A) NCA-PCP sample and (B) NCA-PSS sample.
3.2. NCA Samples Characterization

Both samples were heat treated evenly using the same procedure, which was a calcination and
sintering process. To assure the structural quality of NCA samples, the samples were analyzed using
XRD. Figure 2 presents the XRD patterns of as-prepared NCA samples after heat treatment. It is
clear that all samples exhibit a layered x-NaFeO;-like hexagonal structure (space group: R_3m).
Highly crystalline peaks are in good agreement with The Joint Committee on Powder Diffraction
Standards (JCPDS) card no. 87-1562, with no observable impurities phase. The peak splits of 006/102
and 018/110 could be clearly observed in both samples, hence it could be concluded that the NCA-PC
and NCA-SS have a well-ordered layered structure [8,29,30]. As it has been predicted before, the use
of hydroxide starting materials in a conventional solid state method will result in better mixing and
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homogenization of material, which does not require multiple milling and a long sintering time, as well
as special tools, like in previous studies [7,8,30,31]. A well-ordered degree of layered material could
be evaluated using the lattice parameters and R value. The lattice parameters of each product were
calculated using the least square regression method. The crystallite size of each sample was obtained
via the Debye-Scherrer equation utilizing the full width at half maximum (FWHM). Both lattice
parameters and crystallite size are listed in Table 2. It is clearly shown that the c/a value of both samples
is above 4.899, which, according to Zhu et al., means that the sample exhibits a more ordered layered
structure. In addition, the R value of both samples is below 0.45, which indicates good hexagonal
ordering of the lattice [32].
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Figure 2. XRD patterns of NCA samples prepared by batch co-precipitation (NCA-CP) and the solid
state reaction method (NCA-SS).

The presence of Ni?* which occurs during phase formation could negatively affect the performance
of NCA cathode material, mainly due to its similar radii, with Li atomic radii resulting in the substitution
of Li with Ni?*. A stable Ni?* ion is very hard to oxidize, which will block the Li-ion pathway, so its
intercalation and de-intercalation process is hindered, resulting in a poor electrochemical performance.
Such a phenomenon is called cation mixing and its degree or level could be indicated by evaluation of
the 1003/1104 value. The intensity ratio of 1003/1104 listed in Table 2 strongly depends on the method.
Based on previous studies on Ni-rich cathode material, the higher the value of 1003/1104, the lower the
cation mixing level of the material [15,30,33,34].

Table 2. Lattice parameters of as-prepared samples.

Variable c/a Cell Volume (f\ 3) Crystallite Size (nm) 1003/1104 R (1006/(I101 + 1012))
NCA-CP 4934 100.602 73.6 1.541 0.405
NCA-SS 4921 101.102 74.4 1.652 0.423

The surface composition of the NCA samples is conducted by analyzing the FTIR spectrum
measurement, as shown in Figure 3. It can be clearly seen that the carbonate compound is found on
the surface of the sample (860/cm, 1492/cm, and 1499/cm), which could be attributed to Li,COj3 as a
result of excess Li source [35,36]. During the heating process, hydroxide and carbonate species, as
confirmed in Figure 1, are decomposed into H,O and CO,, while residual LiOH is converted into
Li;COg, so the former peaks are observable, while the LiOH peak is hardly noticeable. Previous studies
have suggested performing washing of the obtained NCA powders; however, washing such material
using demineralized water may cause structural change, e.g., an inactive rock-salt structure, and
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to overcome such phenomena requires a reheating process at a high temperature that is considered
uneconomical [36]. Therefore, we decided not to perform any further treatments of the samples.
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Figure 3. FTIR spectra of the NCA-CP sample and NCA-SS sample.

Figure 4 presents SEM images of as-prepared samples at various magnifications. From the figure,
all samples have nano-sized to submicron-sized primary particles which agglomerate to form larger
spherical secondary particles. NCA-SS secondary particles show a smoother morphology and denser
sphere compared to NCA-CP particles due to the morphology of raw materials, especially Ni(OH),,
which also has a spherical shape. The tapped density of NCA-CP is 1.93 g/cm?, while the tapped
density of NCA-SS is 2.17 g/cm?>. The starting materials could maintain their shape and morphology
during the synthesis process, while previous studies of the solid state method using similar material
have shown different morphologies of the finished product due to multiple grinding processes [7,8].
NCA-CP has a lower density compared to NCA-SS, which may be affected by the process during
the batch co-precipitation. The presence of AI** ions may hinder the formation of dense secondary
particles due to the natural amphoteric habit of AI>*, thus, during the precipitation, precipitated Al may
dissolve into sodium aluminate, making the secondary particle less spherical compared to previous
studies [22,23].

| pASKV © WOiimm  SS40 X10,000 fpm  —
UoM

Figure 4. SEM images of (a) NCA-CP at 1000x magnification, (b) NCA-CP at 3000x magnification,
(c) NCA-CP at 10,000 magnification, (d) NCA-SS at 1000x magnification, (e) NCA-SS at 3000x
magnification, (f) NCA-CP at 10,000x magnification.
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Further particle analysis was conducted using a statistical method and the results are presented
in Figure 5. Based on Figure 4a,d, the size of the secondary particles is collected and classified into
grouped data. NCA-CP and NCA-SS have a similar narrow particle size distribution. The average sizes
of the particles, D10, D50, and D90, are shown in Table 3. The D50, or the median, has been defined as
the diameter where half of the population lies below this value. Accordingly, 90% of the distribution
lies below the D90, and 10% of the population lies below the D10. NCA-CP samples have a relatively
smaller average diameter compared to previous studies that used the continuous co-precipitation
method [22-25], which, as predicted before, could be caused by aluminum ion dissolution at a high
pH, which hinders particle growth [17,37]. However, smaller-sized particle have advantages such as a
larger surface area and faster Li-ion diffusion compared to particles with a larger size.

Table 3. Particle size analysis.

Sample Average Diameter (um) D10 (um) D50 (um) D90 (um)
NCA-CP 3.961 0.994 3.301 7.615
NCA-SS 3.773 1.173 3.518 6.638
40 100
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Q o
= =
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Figure 5. Particle size histogram.

The atomic compositions of Ni, Co, and Al examined by XRF of all samples are listed in Table 4.
It is clearly shown that Ni composition is about 83-86% among the ternary metal, which is similar to
the targeted value of 85%, while the Al atom composition is far less than 1%. It is predicted that in
sample NCA-CP, the Al ion is difficult to precipitate, which largely depends on the pH of the reaction.
Since the precipitation involves the formation of solid in the presence of precipitant such as OH™ ions,
the process largely depends on the Ksp value of the metals. Ksp is a solubility product constant. Thus,
its value can predict the occurance of precipitation [23,38]. The AI(OH)3 precipitation occurs faster than
Co and Ni due to its extremely low Ksp value (log Ksp Al(OH); = -32.34) compared to the Ksp value
of Co (log Ksp Co(OH),;=-14.8) and Ni hydroxide (log Ksp Ni(OH),= -14.7) [37]. When the AI(OH)3
is formed, Ni(OH), and Co(OH)3; have not yet formed. This initiates a large amount of Al(OH)3 nuclei,
so the formation of smaller particles continuously occurs while the growth of the existing nuclei into
larger particles is hindered [16]. In addition, to promote larger crystal growth, the pH of the solution
is elevated. However, when the pH is larger than 11, precipitated AI(OH); will dissolve, forming
aluminate ions.
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Table 4. Molar fraction of the ternary metal of as-prepared NCA samples.

Molar Fraction (mol%)

Samples

Ni Co Al
NCA-HC 0.8362 0.1598 0.0040
NCA-SS 0.8537 0.1373 0.0090

3.3. Electrochemical Performance Test

The electrochemical performance of the samples was tested in a 18650-type full battery using
commercial graphite/Mesocarbon microbeads (MTI, America) as the counter anode instead of novel
anodes [39,40]. Such an approach is seldom reported in research papers, yet provides better evidence
for material commercialization. The charge-discharge curves obtained at 1/20 C of each sample and
commercial NCA (labelled as NCA-Com) are shown in Figure 6. Additional information regarding
the NCA-Com characterization is provided in the Appendix A, specifically Figures A1-A3, and
Table Al. The first three cycles of the battery test are considered the formation phase. The first cycle
performance of three cells is listed in Table 5. In the formation phase, the coulombic efficiency of
NCA-CP, NCA-SS, and NCA-Commercial is 69.36%, 69.19%, and 72.97%, respectively. About 30%
capacity loss is attributed to solid electrolyte interphase (SEI) formation on both the cathode and anode
side. The difference of NCA-CP and NCA-SS coulombic efficiency is insignificant; however, the value is
slightly lower than the commercial NCA. The initial specific discharge capacity of NCA-SS and NCA-CP
is similar; however, the value is also slightly lower than the commercial NCA. This situation might be
caused by the morphology characteristics of as-prepared samples. The smaller secondary particles
followed by a large amount of aggregates have a larger surface area, thus promoting side reactions
between the materials with the electrolyte during the first charge. These side reactions might form a
passivation layer, resulting in irreversibility in electrochemical performances [30,41,42]. In a study by
Hsieh et al. [31], the low capacity and high irreversibility level on NCA cathode material were caused
by the high amount of aggregates present during the synthesis and defect in the lattice. The initial
specific discharge capacity of each cell is considered as the actual capacity and later denoted as C’.
Therefore, the value of the 1 C’ rate of NCA-CP, NCA-SS, and NCA-Com is 126.1 mA/g, 129.1 mA/g,
and 135.03 mA/g, respectively.

Table 5. Initial charge-discharge performance of NCA samples.

Formation at 1/20 C (1 C = 200 mA/g)

Samples Specific Charge Specific Discharge Coulombic Efficiency
Capacity (mAh/g) Capacity (mAh/g)
NCA-CP 181.75 126.10 69.36%
NCA-SS 186.72 129.15 69.19%
NCA-Com 185.13 135.03 72.92%

The rate-ability of NCA samples is shown in Figure 7 using a standard testing procedure in
which the charging and discharging rates were set using the actual capacity presented in Table 5 (C’)
rather than the theoretical capacity (C). After the cells went through the formation phase for five
cycles, the cells were charged at 0.5 C” and discharged at various discharging rates. Based on Figure 7,
sample NCA-SS and NCA-CP have a similar rate performance behavior and are relatively comparable
to commercial NCA. Surprisingly, at a higher rate, NCA-SS and NCA-CP are superior compared to
commercial NCA. Such a phenomenon occurred due to the higher surface area of the as-prepared
samples. At high current rates, the performance of cells depends on the Li ion mass transfer and
diffusion kinetics. Therefore, even though a large surface area promotes side reactions, it becomes
beneficial during a high rate discharging process [17]. To prove the reversability of the material, the
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cells were charged and discharged using the first rate (10 mA/g or 0.05 C). From the figure, it appears
that all samples exhibit a small capacity drop, even after being discharged at high current rates.

4’2 3.1+
3,9 R NCA-Com 1st cycle
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Figure 6. (a) Charge-discharge curve of NCA-CP, NCA-SS and NCA-Com during the first and second
cycle and (b )Specific discharge curve of NCA-CP, NCA-SS and NCA-Com Zoomed at 2.7 V
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Figure 7. (a) Rate performance and (b) the normalized rate performance of NCA-CP, NCA-SS and
NCA-Com in a 18650-type full battery.

Figure 8a shows the cycle performance of NCA-CP and NCA-SS, respectively. The normalized
capacity in Figure 8b refers to the actual capacity, the initial capacity, of each sample. NCA-CP and
NCA-SS have similar cycling behaviors for 100 cycles at 1 C’ rates and have a capacity retention of
84.4% and 86.3%, respectively. The capacity drop occurred during the initial cycles; however, after
three to four cycles, the capacity is considered stable after 100 cycles. The capacity drop phenomena
is similar to the study result of Zhang et al., hence the capacity drop of samples in the NCA-battery
resulted from impedance rising and cell polarization [43]. Overall, the cycle performance of NCA-CP
and NCA-SS is comparable to the commercial NCA. Major problems in NCA commercialization rely on
the synthesis methods. Based on the electrochemical performance test results, more feasible, scalable,
and commercially attractive methods, such as facile batch co-precipitation and the solid state method,
could produce NCA cathode material with comparable performances to commercial NCA which is
produced by a continous co-precipitation process. In addition, the use of technical grade raw materials
in NCA-CP provides stronger evidence on the merits of the method. Overall, NCA-SS shows a slightly
better performance compared to NCA-CP. The higher 1003/1104 value based on the XRD pattern and
better morphology according to the SEM result might be the reasons behind the difference in the
performance, specifically in terms of the capacity.
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Figure 8. (a) Cycle performance and (b) the normalized cycle performance of NCA-CP, NCA-SS and
NCA-Com in 18650-type batteries in 1 C’.

Post-structural analysis was performed to investigate the reason for low capacity loss during
the first cycle. The XRD patterns of the NCA-CP pre-cycle and post-cycle are displayed in Figure 9.
From the figure, impurities are clearly observed at two theta around 20-32°, which could be indexed
with LiCO3 (JCPDS card no. 87-0729). The formation of Li;CO3 or other carbonate compounds
such as ROCO;Li occurred due to side reactions between the electrolyte and the cathode material
promoted by the large surface area of aggregates, confirming previous results [31,35,42]. The post-cycle
sample patterns have a broader peak compared to the pre-cycle sample, which indicates a decrease
in crystallinity; however, the layered structure of the NCA sample is not altered after cycling and
is proven by lattice parameter analysis listed in Table 6. The sample exhibits a slight cell volume
change (less than 1 A 3) after the cycle and slight decrease in the 1003/1104 ratio, which indicates a rigid
structure and minimum Li*/Ni** mixing in the lattice, respectively, resulting in a good cycle-ability
and reversibility during rate performance.

Table 6. Pre-cycle and post-cycle analysis of NCA-HC.

Variable c/a Vol (li 3) 1003/1104 R (1006/(1101+1012))
NCA-HC Pre-cycle 4.934 100.602 1.541 0.405
NCA-HC 4.963 100.703 1.463 0.384
Post-cycle
*p
plieo NCA-CP
—
=
9
> M A A A.—A.
et
g NCA-CP-Post Cycle
[}]
el
£
i M
* e i

10 20 30 40 50 60 70
2 theta (degree)

Figure 9. XRD Patterns of NCA-HC before and after cycling.
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4. Conclusions

Batch syntheses of LiNij g5Cop 14Alp 9102 cathode material are performed via co-precipitation and
the solid-state method. Based on the structural analysis, well-ordered layered hexagonal structured
material is successfully synthesized. The SEM analysis proved that sphere-like particles are obtained
via a solid state reaction and hydroxide co-precipitation reaction. Although exhibiting a narrow particle
distribution, both samples also have small particle sizes, which caused larger capacity loss during
the first cycle compared to commercial NCA due to a parasitic side reaction between the delithiated
cathode material and the electrolyte, which is confirmed by post-structure analysis. The initial discharge
capacity of NCA-CP, NCA-SS, and commercial NCA is 126.1, 129.15, and 135.03 mAh/g, respectively,
while the capacity retention after being cycled at 1 C’ for 100 cycles is 84.4, 86.3, and 87.1%, respectively.
The galvanostic tests proved that the as-prepared samples have a similar good performance, regardless
of the synthesis methods. However, future development of the optimization of process variables is
necessary in order to obtain better characterized material. The overall result of both the physico-chemical
characteristic and electrochemical characteristic could be considered good and promising in terms
of adaptation for mass production considering that the layered NCA material could be obtained via
simple and economical batch synthesis.
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Figure A1. FT-IR Spectra of Commercial NCA (BTR, China).
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on I"29] (Copper Ky

Figure A3. SEM Images of Commercial NCA (BTR, China) magnified (a) 1100x and (b) 17336X.

Table A1. Ni-Co-Al molar fraction of Commercial NCA (BTR, China).

Element mol%
Ni 81.14
Co 17.42
Al 1.44
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