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Abstract: Li-ion secondary battery is highly recommended
as a power source to highly advanced battery electric vehi-
cles. Among various types, the lithium nickel cobalt alu-
minum oxide (NCA) battery is considered suitable for high
energy and power application. In this study, the NCA
cathode material LiNigg9C0¢ 0gAlg.030> was produced via
the oxalate co-precipitation technique to reduce the overall
production cost and process complexity. Oxalic acid and a
small amount of sodium hydroxide were used as the pre-
cipitant and pH regulator, respectively. Homogenous and
loose metal oxalate precipitate formation was confirmed by
X-ray diffraction (XRD), scanning electron microscopy, and
Fourier-transform infrared spectroscopy analysis. XRD pat-
terns of the as-obtained micron-sized NCA showed a well-
layered hexagonal structure. The electrochemical properties
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of the cathode in the full cell were thoroughly examined.
The specific discharge capacity of the as-obtained NCA
in NCA/LiPF¢/graphite at a current rate of 20 mA/g was
142 mAh/g. The as-prepared NCA sample had capacity
retention of 80% after being charged and discharged at
0.1 A/g for 101 cycles. Scaling up of NCA production process
to 2kg per batch was conducted and evaluation of NCA
product quality was performed by material characterization.
Based on the overall results and considering the overall
process, such an approach is expected to be developed
and improved for future large-scale production purposes.

Keywords: Li-ion batteries, co-precipitation, powder, NCA,
cathode

1 Introduction

A layered type lithium nickel cobalt aluminum oxide (NCA)
is considered as one of the promising and state-of-the-art
cathode materials for Li-ion batteries (LIBs), owing to its
excellent properties such as high columbic capacity, gravi-
metric energy density, and power density [1]. Currently, NCA
with high nickel content such as LiNig g15C00 15Alg 0350, is
preferable because nickel is less toxic and less costly than
cobalt [2,3]. In addition, the Ni-rich cathode material has a
higher capacity than high cobalt content LiCoO,. As a result,
NCA/graphite batteries are a strong power source candidate
for highly advanced electric vehicles.

Several attempts have been made to fabricate NCA
micro-powders. The most convenient method is through
the solid-state approach, which is limited to mixing the
decomposable precursor with the lithium source followed
by high-temperature annealing [4,5]. Decomposable pre-
cursors such as the hydroxide precursor and nitrate pre-
cursor are considered expensive, as their use increases
the overall production cost. A similar concept was applied
with the sol-gel method and spray pyrolysis where decom-
posable precursors are necessary [6—9]. Co-precipitation
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techniques are commonly applied for synthesizing the
mixed metal precursor because the processes are facile,
simple, do not require complex apparatus, and can be
easily scaled up [10-12]. The raw materials have easy
availability especially sulfate and chloride salts. The
as-obtained powders usually have homogenous atom
distribution and identical morphology with narrow size
distribution. Thus, the co-precipitation process is suitable
for synthesizing NCA precursors [3,13,14].

By far, co-precipitation of Ni-Co—Al salt solution was
performed by hydroxide precipitation using sodium hydro-
xide (NaOH) as precipitant and ammonia as chelating agents.
However, hydroxide precipitation of Ni—Co—-Al ions is ham-
pered by the dissolution of Al ions in elevated pH level that
can cause poor homogeneity and agglomerated primary par-
ticles that often result in poor shelf-life of LIBs [3,15,16].
During the precipitation process, Co ions can be oxidized if
the atmosphere is not inert. On the other hand, hydroxide co-
precipitation requires a high amount of ammonia that is
considered dangerous for aquatic life. The presence of
ammonia in the ingredient also creates several respiratory
problems for humans. Carbonate co-precipitation was
applied due to the fast formation of particles in mild pH
conditions; however, it still required significant ammonia
during the precipitation as the chelating agent and pH
regulator [17]. In contrast, oxalate precipitation is consid-
ered promising, as oxalate ions can be a precipitant, che-
lating, and reducing agent all at once, which is highly
favorable for the overall process. Since the use of oxalic
acid decreases the pH significantly, the pH can be regu-
lated by an alkaline solution such as NaOH, thus the use of
ammonia is unnecessary [18].

Several efforts have been employed to produce NCA
using oxalic acid as a precipitant. Wu et al. [19] per-
formed Ni-Co—Al oxalate via the two-step co-precipita-
tion process to obtain a micro-rod-shaped NCA. Qiu et al.
[20] performed precipitation of NCA from acetate salts
precursors; however, in the study, water was removed
by evaporation instead of the simple filtration process.
This study was conducted to produce Ni-rich NCA micro-
powders using simple, ammonia-free, one-step oxalate co-
precipitation followed by heat treatments. As far as our
concern, such technique has never been reported else-
where and has never used to be applied for large scale
production of NCA type layered transition oxide cathode
material. In other words, the proposed technique is poten-
tially adapted for ammonia free-mass production of high
energy density LIBs cathode material. In addition, the as-
prepared material was tested in full-cell configuration.
Thus, the study provided strong evidence for material uti-
lization in the LIBs industry.
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2 Materials and methods

Lithium hydroxide monohydrate, EN grade nickel sulfate
hexahydrate (Zenith, Brazil), cobalt sulfate heptahydrate
(Rubamin, India), and aluminum sulfate octadecahydrate
(Mahkota, Indonesia) were used as Li, Ni, Co, and Al
sources, respectively. Oxalic acid dihydrate (YC Chemicals
Ltd, China) and NaOH (Asahi, Japan) were used as the pre-
cipitant and pH regulator, respectively. All of the materials
were used directly without any purification step.

A 1M of a solution containing Ni:Co:Al with mole-
cular ratio of 89:8:3 was continuously stirred in a glass
beaker and heated at 60°C for 30 min. The 1.5M of the
oxalic acid solution was transferred to the beaker with
vigorous stirring until a bright green precipitate was
formed. The solution pH of 3—-4 was obtained by the addi-
tion of the 4 M NaOH solution. After 120 min, the stirring
and heating were stopped, and the precipitate settled
after the stirring was stopped. The solution was removed
and changed with deionized water. The precipitate was
filtered and washed until the solution reached neutral.
The precipitate (NCA-oxalate) was transferred to an oven
overnight or until dried. The dried precipitate was mixed
with LiOH-H,0 (Leverton, India), using a planetary ball
mill, ensuring a precursor to Li ratio of 1:1.05. After mixing
homogenously, the precursor was heated at 500°C for 6 h
and calcined at 800°C for 20 h under an O, atmosphere.
The as-prepared product was sieved to fine powder. Large-
scale production of NCA with a capacity of 2kg per batch
was conducted using a similar technique.

The structure of NCA samples was examined by an
MD-10 X-ray diffractometer (MTI, USA). The samples’ sur-
face properties were analyzed using Fourier transform
infrared (FTIR) spectroscopy (Shimadzu, Japan) and scan-
ning electron microscope (SEM) (JEOL. Japan). A galvano-
static charge—discharge test was performed in NCA/LiPF¢/
graphite cylindrical cells where the as-obtained NCA was
used as the cathode of the cells. The electrode was fabri-
cated with a coating of slurry containing 90:4:6 of
NCA:acetylene black (AB):polyvinyl difluoride (PVdF)
on the surfaces of Al foils. The coated foils were dried
in a vacuum oven. The dried cathode was ready to be
assembled with the graphite-coated Cu foil. The details
of cylindrical cell assembly were described elsewhere in
our previous reports [16,21]. Water-based manufacturing
of NCA counter electrode was also conducted with a slurry
containing 89:6:3:1:1 of meso carbon microbeads:AB:car-
boxy-methyl cellulose (CMC):styrene-butadiene rubber
(SBR):oxalic acid. AB, PVdF, CMC, and SBR were obtained
from MTI, USA. The manufactured cell was charged and
discharged using 1/10C (1C = 0.2 A/g) the current rate at



DE GRUYTER

the working voltage of 3.0-4.3V using Neware Battery
Analyzer (Neware, China) and BTS 7.6 Software. The cycle
performance test was conducted using various charge-
discharge rates (1 C = 200 mA/g), without any temperature
control.

3 Results and discussions

3.1 Precipitation of NCA-oxalate

To assure the formation of the oxalate precipitate of NCA,
the dried precipitate was analyzed using X-ray diffraction
(XRD) and FTIR. Figure 1(a) displays the XRD patterns of

NCA-Oxalate
=
S
=
[
=
£ -
< (=]
< e 8 § __._=
@ ) 8
9
£ JCPDS 25-0582
| 1 I ] I Ll | 11
10 20 30 40 50 60
2 Theta (degree)
(a)
y —— NCA-Oxalate
-OH/H,0
’ | 0-C-0
[(}]
O 1 [
= 1
©
Q 1 1
o 1 |
7]
Q 1 I !
< I
. R

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

(b)

Figure 1: (a) X-ray diffractogram of NCA-oxalate and (b) modified
FTIR spectra of NCA-oxalate.
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the precipitate. The XRD peaks can be attributed to the
nickel oxalate dihydrate compound, while the Miller
indices are provided in the figure. The peaks observed
are highly crystalline indicated by the sharp peaks on
the pattern. The lattice parameter of NCA-oxalate powder
is listed in Table 1. The a, b, and c values of the sample
are almost similar with nickel oxalate dihydrate reference
or Joint committee on the Powder Diffraction Standards
(JCPDS) card no. 25-0582 [22], whereas the slight differ-
ences can be attributed to the presence of Co and Al
atoms in the crystal structure. The lattice parameter
values can be determined by linear regression of equa-
tions (1)-(3):

n A
dyg = ————, 1
hid 2 sinf @
1 | I I &
- - - —, 2
py @ Tt e @
V=axbhbxec. 3

Based on Figure 1(b), infrared absorption patterns
also confirm the presence of oxalate due to the O-C-0
vibration located at a wavelength of 1,300 and 1,635 cm ™.
The hydrated crystal of oxalate is detected due to the
presence of bending vibration of —OH at a wavelength
of about 3,400 cm ™. Thus, we can conclude that oxalate
precipitation was successfully conducted [23].

The morphology of NCA-oxalate particles is depicted
in Figure 2(a and b). The as-prepared NCA-oxalate pow-
ders are loose, irregular, or quasi-cubical shaped with
smooth surfaces. The edges of the particles as well as
the grains can be observed. It is safe to say that the par-
ticles have a homogenous shape with a size range of
1-3 pm. Figure 2(c) shows the EDX analysis of NCA-oxa-
late. It also can be seen that the sample has high Ni
content and small Co and Al content. It can be concluded
that aluminum ions can be precipitated during the co-
precipitation due to mild pH solution (~4) where Al ion
precipitation is possible in the form of aluminum hydro-
xide [24,25]. A small amount of S can be attributed to the

Table 1: Lattice parameter and structural parameter of the as-pre-
pared NCA-oxalate

Parameters Value Ref. NiC,0,4-H,0 [22] Unit
Lattice

e a 11.837 11.762 A
b 5.342 5.332 A

o c 15.623 15.726 A

e Lattice volume 988.007  986.256 A3
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Figure 2: SEM images and EDX analysis of NCA-oxalate (a)-(c).

presence of sulfate while the presence of Mn can be
attributed to the low-quality grade of metal sulfate salt
precursors.

3.2 LiNig.g9C00.08Alo.0302 (NCA)
characterization

In this study, LiNig goC0g 0gAlg. 030, powder was obtained
by a high-temperature lithiation of the NCA precursor.
Figure 3(a) displays the X-ray diffractogram of as-pre-
pared NCA. The peaks observed in Figure 3(a) are well
indexed to the JCPDS card no. 87-1562 where the Miller
indices are displayed as shown in the figure, with no
impurities detected. It can be concluded that the material
has a layered structure with the hexagonal ordering of
atoms [26,27]. Peak doublets splitting of (006/102) and
(018/110) are observed, which is based on previous stu-
dies. The appearance of these peaks on a layered struc-
ture cathode material means that the material has a good
structural property, which favors the lithium transfer pro-
cess when applied to LIBs cells [15,28]. The formation or
the unsuccessful oxidation of Ni** brings a negative effect
on the NCA electrochemical performance. The similar

atomic radii of Ni** and Li* often cause a cation mixing
phenomenon in the structure lattice. The presence of Ni**
in the Li layer forms a blockade that prevents Li-ion
mobility during the charge-discharge process. The level
of cation mixing of layered material can be evaluated
by the intensity ratio of peaks (003) and (104) or
1(003)/(104). From Figure 4, we can also conclude that
as-prepared NCA powder has a low tendency to form
cation displacement of Li and Ni or cation mixing, owing
to the peak intensity ratio (103)/(104) value of over 1.3
[28,29].

Figure 3(b) exhibits the IR absorbance spectra of
NCA. The slightly observed peak at a wavenumber of
around 3,400cm™ can be attributed to the presence
of water molecules in the sample [30]. Nickel-rich cathode
material such as NCA is hygroscopic; therefore, this phe-
nomenon occurred due to water absorption on the surface
of the NCA particle due to humidity. Observed peak doub-
lets at approximately 1,600 cm™ indicate the existing resi-
dual and unreacted Li in the form of Li,CO3, which exist due
to excess lithium added during the high-temperature lithia-
tion process. However, from both Figure 3(a) and (b), we
can conclude that the well-indexed, layered structure of
NCA powder is successfully synthesized and the lattice
and structural parameters are listed in Table 2 [16,31].
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Figure 3: (a) X-ray diffractogram and (b) modified FTIR spectra of as-
prepared NCA powder.

The as-prepared NCA particles can be seen in Figure 4.
The particles have clear edges and a slightly smooth sur-
face. After a sintering process at a high temperature, the
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Figure 4: SEM images of NCA powder.
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Table 2: Lattice parameter and structural parameter of the as-pre-
pared NCA powder

Parameters Value Unit
Lattice

e a 2.867 A

. c 14.177 A

* c/a 4,945 A

e Lattice volume 302.755 A3
Structure

e | ratio 1.409 -

e R-value 0.306 -
e Crystallite size 55 nm

morphology of the particles is sustained from its original
form of NCA-oxalate, even though CO, was decomposed
during the calcination process, leaving porous particles, as
described by Qiu et al. However, high-temperature sintering
may remove the porous particles into dense particles [20].

3.3 Galvanostatic charge-discharge
performance of the NCA in NCA/LiPF¢/
graphite battery

Charge—-discharge analysis of as-prepared NCA powders
was conducted in anode-free Li-ion batteries (AFLIB) and
full battery design where the cathode material is the as-
prepared NCA. Bare Cu foil was used for Li-plating during
the charging process of AFLIB. Graphite was utilized
as the anode where the theoretical capacity was designed
in excess; therefore, the mass of NCA was selected as
the basis of weight for calculating specific capacity.
About 1M LiPF¢ dissolved inhomogeneous mixture of
1:1 dimethyl carbonate and ethyl carbonate was used as
the aprotic electrolyte. The charge—discharge profile of
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the NCA/LiPF¢/Cu and NCA/LiPF¢/graphite cells can be
seen in Figure 5. In the first cycle, during the charging
process, the Li-ions were transferred from the cathode
lattice to the counter electrode. The voltage was initially
zero and then started to elevate as more Li-ions were
transferred. In Figure 5a, the voltage of the cell increased
rapidly at ~3.8 V which indicates an initial Li-plating
of Li-ion on the surface of Cu foil. The initial charge-
discharge capacity of NCA in AFLIB is 216 and 149 mAh/g,
respectively. In the second cycle, the capacity improved to
above 153 mAh/g while in the sixth cycle, the capacity sig-
nificantly decreased. This indicates that during the initial
charge, some of the material is still inactive while in the
sixth cycle the decay was caused by dead Li formation often
found in AFLIB [32]. After the cell reached 4.3V, the
cells are discharged where the Li-ions are transferred from
the anode back to the cathode. Thus, such a phenomenon is
often called the rocking chair mechanism [33]. From
Figure 5b, in the first cycle, the specific charge capacity
is also larger than the discharge capacity. The initial capa-
city loss can be attributed to the formation of solid electro-
lyte interphase (SEI), where some of the Li is deposited on
the surface of the anode, which disabled its mobility to
return to the cathode during discharge. However, in the
second cycle and the sixth cycle, the specific charge capa-
city and the specific discharge capacity are equal, where
the columbic efficiency value is approaching almost 100%.
The initial discharge capacity of NCA is 142 mAh/g oper-
ated at a charge—discharge current of 20 mA/g and voltage
window of 3.0-4.3V. The capacity is lower compared to
several studies. This can be caused by several factors. For
instance, the nickel content in this research is significantly
higher. Higher Ni content material is often hard to oxidize
and suffers from the formation of electrochemically inac-
tive phase. Secondly, the morphology can be a factor since
nickel-rich cathode is highly sensitive towards side reac-
tions with the electrolyte, especially particles with small
size and large surface area. However, this result is consid-
ered good, considering that the overall process is simple,

e 1%Cycle
o 2"Cycle
* 6" Cycle

Voltage (volt)
Voltage (V)

) 50 100 150 200 250
Specific Capacity (mAh.g™")

o 5 100 150
Specific Capacity (mAh/g)

(a) (b)

Figure 5: Charge—discharge profile of (a) NCA/LiPF¢/Cu AFLIB and
(b) full cell NCA/LiPF4/graphite cells.
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cheap, fast, and less harmful for the environment due to
the absence of ammonia.

Figure 6(a) exhibits the cycle performance of the
NCA/LiPF¢/graphite cells under the current rate of 1/2C
(100 mAh/g) with the operating voltage of 3.0-4.3 V. Based
on the figure, the cells have columbic efficiency of about
100%, which indicates good Li-ion reversibility. However,
after 100 cycles, a capacity drop can be observed clearly. At
a current of 1/2 C, the specific discharge capacity of the cell
is about 130 mAh/g, which is 91% compared to the capacity
tested at 1/10 C. In the 101st cycle, the specific discharge
capacity of the cell is about 105mAh/g, which is 80.1%
compared to the starting capacity. The capacity retention
profile is displayed in Figure 6(b) [34]. The reduction of
capacity occurred significantly in the first 20 cycles; how-
ever, in the 21st cycle the curve shows better capacity. The
rapid capacity decay at early cycles may be caused by the
existence of residual Li, particularly Li,CO; which is con-
firmed by a previous FTIR study. Li,CO5; presence can pro-
mote the formation of HF which can severe the NCA particle
[35]. The accumulated coulombic inefficiency in Figure 3c
shows that the curve is consistently increasing which is
consistent with the cycle performance which also shows a
relatively consistent capacity decrease [36]. The rate ability
of NCA displayed in Figure 6d indicates that NCA is still
operable at an elevated current of 1, 2, 4, and 8 C with an
average discharge capacity of 123, 101, 80, and 28 mAh/g,
respectively. The NCA still has a capacity of 121 mAh/g
when charged and discharged at 1C which proves that
the cell has good reversibility.

3.4 Preliminary demo-plant-scale
prOdUCtion of LiNio.89C00_08Alo.o302

A 100-time multiplication of previous lab-scale produc-
tion was conducted. About 2kg of NCA product was
synthesized and characterized. The production facility
can be seen in Figure 7(a). The NCA precursor solution
was reacted with NaOH and oxalic acid in a continuously
stirred reactor. The slurry was filtered and washed using
a centrifugal filter and the cake was dried in a vacuum
oven. The precursor was milled with LiOH using a ball
mill machine, then the composite was fired in a large
muffle furnace under O, flow. The characterization of
NCA-oxalate and NCA products produced at 1kg/batch
scale, labeled as NCA-OLS and NCA-LS, respectively,
can be seen in Figure 7(b—e). Figure 7(b) shows the
FTIR spectra of NCA-oxalate and NCA products. Based
on the figure, NCA-oxalate dihydrate was successfully
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Figure 6: (a) Cycle performance, (b) capacity retention profile, (c) accumulated coloumbic inefficiency, and (d) rate ability of NCA/LiPF¢/
graphite cells.
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Figure 8: (a) FTIR and (b) SEM image of post-cycled NCA-LS.

synthesized as the patterns are identical with the pattern
in Figure 1(b) while the NCA-LS FTIR spectra have lower
CO, peaks due to isolated grinding and sieving process
using a ball-mill machine thus less exposure to the atmo-
sphere. Figure 7c shows the XRD pattern of NCA-LS while
the SEM images can be seen in figure inset. The XRD
peaks of NCA-LS are well indexed to NCA reference
while the SEM image confirms that there is a significant
difference of morphology between NCA-LS with NCA in
Figure 4. The NCA-LS primary particles size is less than
1pum which forms a large micron-sized secondary par-
ticle. The I\p03)/I(104) Value is higher than NCA produced
at the lab scale. Cell performance of NCA-LS is depicted
in Figure 7(d and e). The initial specific charge and dis-
charge capacity of NCA-LS is 210 and 136 mAh/g, respec-
tively, which is lower than NCA produced at the lab scale.
The lower capacity is considered normal since the pro-
duction capacity was significantly increased. A large
amount of processed material required a challenging
parameter modification, especially to avoid cation mixing
which often occurred in layered transitional metal oxide
cathode material. This phenomenon always occurs in Ni-
rich cathode material. The cycle performance was con-
ducted at 1/2 C (100 mA/g) where the cell exhibited more
stable performance owing to low cation disarrangement
which was indicated by the I ratio value and less residual
Li content on the surface of the material. The result is
considered promising but it can be improved by optimi-
zation. Nevertheless, further research and deep investiga-
tion on process scale-up of NCA production are necessary
to be performed shortly.
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3.5 Post-mortem analysis of
LiNio.89C00.08Alo.0302 (NCA-LS)

A post-mortem analysis was conducted to investigate the
condition of NCA material after cycled for 50 times. From
the previous discussion, a capacity decay during the
cycling test was unavoidable. The loss of active material
during a cycling test, the loss of reversible lithium-ion,
and impedance increase is the reason for capacity decay.
FTIR studies of the post-cycled sample in Figure 8a show
the occurrence of alkyl-oxide-lithium or ROLi, ROCO,Li,
and carbonate species as a result of organic electrolyte
degradation. The SEM image in Figure 8b confirms the
presence of the SEI layer on the surface of the NCA-post-
cycle [37].

4 Conclusion

A simple oxalate co-precipitation technique was successfully
applied to produce high Ni content of LiNig g9C0¢ 0gAlg 0302
(NCA) cathode material of LIBs. Based on the XRD and FTIR
analysis, a nickel-rich oxalate precursor was successfully
formed by the reaction of a solution containing Ni, Co,
and Al ions with oxalic acid. After the heating process,
highly crystalline material with good structural property
NCA powders was obtained, which was confirmed by
XRD and FTIR analysis. The initial discharge capacity
of the as-obtained NCA was 142mAh/g, measured at a
charge—discharge current of 1/10 C and voltage window
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of 3.0-4.3 V. After 101 cycles at 1/2 C, the cell has a capa-
city retention of 80%. Scale-up production of NCA powder
with a processing capacity of 2 kg per batch is conducted.
The results are satisfying; however, there is room for many
improvements. We can conclude that the overall process is
promising to be further developed in the future.
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