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Abstract

NMC811 was synthesized through the oxalate coprecipitation method, followed by the solid-state method of lithiation.
Stirring speed (500, 750, 1000 rpm), aging time (0, 3, 5h), sintering atmosphere (with and without oxygen flow),
sintering temperature (700, 750, 800 °C), and lithium concentration (0, 2, 5% excess) effect on the NMC811 were
examined. Characterization results showed that the optimum stirring speed and aging time are 750 rpm and 3 hours.
Based on structural analysis, the best condition for sintering is in oxygen atmospheres at 800 °C with a lithium
concentration of 2% excess. NMC811, synthesized with these optimum parameters, provided a 212.93 mAh/g capacity.
These findings deliver insight into NMC811 synthesis optimization.
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1. INTRODUCTION

Lithium-ion batteries are commonly used in
portable electronic devices such as laptops, mobile
phones, and electric vehicles [1]. The price and
performance of a LIB are determined by its active
cathode material [2]. Among the cathode
materials, nickel manganese cobalt
(LiNixMnyCo0,0, NMC) is known to have high
specific capacity and operational voltage [3].
Compared to the other types of NMC, NMC811
(LiNiosMn1C00102) possesses the highest
specific capacity of about ~160-200 mAh/g,
whereas at the same time, it is cheaper due to its
lower cobalt content, but with high electric
potential [4].

However, the high nickel content in NMC811
leads to a high degree of cation mixing between
Ni?* and Li*, resulting in capacity fade and phase
change [5]. In addition, exposure of NMC811 to

DOI: 10.55981/metalurgi.2024.759

air forms impurities in the form of Li.CO; and
LiOH on its surface, causing defluorination of the
binder, gas release, reacting with the electrolyte,
and irreversible phase transition, thus lowering the
electrochemical performance [6]-[9]. Since the
electrochemical  performance of NMC811
depends on crystallinity, phase purity, particle
size, and structure [10]-[11]. The synthesis
process of NMC811 needs to be optimized.
NMC811 can be synthesized through several
methods, such as spray drying [12], sol-gel [13],
hydrothermal [14], solid state [15], solution
combustion [16], and coprecipitation [17]. Among
the methods, coprecipitation has many
advantages, such as low temperature, precise
stoichiometric proportions, homogenous mixing,
and ease of scalability and morphology control,
thus making it the most widely used synthesis
method [18]-[19]. The coprecipitation method can
be classified into hydroxide coprecipitation,
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carbonate coprecipitation, and oxalate
coprecipitation [20]. Oxalate coprecipitation is
cheaper and environmentally friendlier than
hydroxide coprecipitation because it uses oxalic
acid as a precipitating and complexing agent and
does not require an inert atmosphere [21]. The
precipitate is mixed with a lithium source,
followed by heat treatment to obtain the final
NMC [22].

Oxalate coprecipitation has been used to
synthesize NMC [22]-[24]. NMC811 was
synthesized by Wu et al. [21] using metal chloride
salts precipitated by oxalic acid, followed by
lithiation using a 1% excess lithium source. The
NMC811 showed |(003)/|(1o4) of 1.46 with a 200-
300 nm particle size. The material provided a
capacity and charge transfer resistance of 180
mAh/g and 68 Q, respectively. Wijareni et al., [25]
used sulfate metal salts to synthesize NMC811 via
oxalate coprecipitation. Their results showed a
circular particle with an average size of 17.16 um
with  initial  capacity, initial efficiency,
conductivity, and lithium-ion diffusion of 178.93
mAh/g, 94.32%, 1.20 x 107, and 4.22 x 10°,
respectively. In their work, Gustiana et al., [26]
used oxalate coprecipitation and compared it with
hydroxide coprecipitation. Both methods resulted
in spherical asymmetrical particles with a size <1
micron. They obtained that the NMC811
synthesized using oxalate  coprecipitation
provided higher capacity (102.42 mAh/g) than
hydroxide coprecipitation (79.90 mAh/g).

In this work, NMC811 was synthesized
through the oxalate coprecipitation method using
metal nitrate precursors. The effects of synthesis
parameters such as stirring speed, aging time,
lithium amount, sintering temperature, and
atmosphere were examined. To the best
of the authors’ knowledge, no article has reported
on these synthesis parameters using the oxalate
coprecipitation method. The results are given and
discussed in detail in the following session.

2. MATERIALS AND METHODS
2.1 Optimization of NMC811 Synthesis

The chemicals were lithium hydroxide
monohydrate (LiOH.HO), nickel (II) nitrate
hexahydrate (Ni (NOs)..6H.0), manganese (II)
nitrate tetrahydrate (Mn (NOs)2.4H,0, cobalt (1)
nitrate hexahydrate (Co(NOs),.6H,0, and oxalic
acid (H.C204), all were purchased from Sigma-
Aldrich and used without any further treatment
and or purification. A stoichiometric amount
(8:1:1) of Ni(NO3)2.6H20, Mn(N03)2.4H20, and
Co(NOs)2.6H,O were dissolved into distilled
water. An equimolar H,C,O4 was also dissolved in
a separate beaker in distilled water. The metal salt

mixture was stirred at 60°C at three different
stirring speeds (500, 750, 1000 rpm) while titrated
with oxalic acid solution. The mixture was then
stirred for another 2 h, without aging (aging 0 h).
The mixture was then filtered, and the NMC-
oxalate precipitate was dried. The three samples
were labeled S-500, S-750, and S-1000,
corresponding to their stirring speed. The best
stirring speed was then used to determine the
aging time of 0, 3, and 5 h, and the samples were
labeled as A-0, A-3, and A-5, respectively. The
process is illustrated in Fig. 1(a).

The best NMC-oxalate precursor sample with
optimum stirring speed and aging time was then
chosen to be further lithiated with LiOH.H.O
through the wet milling method (300 rpm for 1 h)
followed by sintering for 12 h, illustrated in Fig.
1(b). Two sintering atmospheres at 750 °C (with
and without oxygen flow) with a fixed amount of
lithium (5% excess) were applied, and the samples
were labeled as LNMC-oxy and LNMC-air,
respectively. The best sintering atmosphere was
then used for the temperature variation of 700,
750, and 800 °C, labeled as LNMC-700, LNMC-
750, and LNMC-800. The best sintering
atmosphere and temperature were then applied for
variations of lithium amount of 0, 2, and 5%
excess and labeled LNMC-0, LNMC-2, and
LNMC-5. The best LNMC sample, labeled as
LNMCB811, was then tested for electrochemical

performance.
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Figure 1. (a) Schematic of NMC-oxalate precursor synthesis
process, and (b) lithiation of NMC-oxalate with lithium
source

2.2 Characterization

Samples were characterized using Infrared
spectroscopy (FTIR, Perkin Elmer) to ensure no
oxalate compound remains. X-ray diffraction
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(XRD, PANalytical X’Pert PRO, K-o Cu of 1.54
A) in the 26 range of 10°-90° was used to analyze
the crystal structure and the phase formed.
Thermogravimetry analysis (TGA, LabSys Evo)
examined thermal behaviour. In contrast, a field
emission scanning electron microscope with
energy dispersive X-ray spectroscopy
(FESEM/EDS, FEI Inspect F-50) was used for
surface morphology and elemental analysis. The

5 pm
DTMM FTUI

electrochemical performance was carried out
using electrochemical impedance spectroscopy in
the frequency range of 0.1-50 kHz at 100 mV
(EIS, Metrohm Autolab PGSTAT 302 N) and
charge-discharge (CD, Wonatech, CCJ8F2-8 PS)
to examine the conductivity and capacity,
respectively.

Figure 2. Electron images of (a) S-500, (b) S-750, (c) S-1000, (d) A-3, and (e) A-5
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3.  RESULTS AND DISCUSSION
3.1 Characteristics of NMC-oxalate

The  resulting  NMC-oxalate  powder
synthesized with different stirring speeds was
characterized using FESEM (field emission
scanning electron microscopy), and the results are
shown in Figs. 2(a)-2(c). In contrast, the particle
size analysis is listed in Table 1. The electron
images show that the particles are irregularly
shaped primary particles. Increasing the stirring
speed from 500 to 750 rpm reduces the particle
size from 0.96 to 0.77 um. However, when the
speed is increased to 1000 rpm, the particles are
agglomerated with a size of 2.51 pm. This
agglomeration is due to the accelerated collision
among the particles [20]. Based on the FESEM
results, the sample S-750 (stirring at 750 rpm with
Oh aging time) has the smallest particle size and
was chosen for the next variation in aging time.
The reason is that the contact area between the
electrode and electrolyte is increased, and the
distance of Li* diffusion is reduced with a smaller
particle size, thus increasing the electrochemical
performance [26]-[27]. The morphologies of A-3
and A-5 (3 and 5h aging time, respectively) are
shown in Figs. 2(d)-2(e). Analysis of the particle
size (Table 1) determines that the aging time of 3
h (sample A-3) has the smallest size of 0.71,
compared to A-5 and S-750 (1.02 and 0.77,
respectively). Therefore, the best aging time
obtained is 3 h.

Table 1. Average particle size of S-500, S-750, S-1000, A-3,
A-5

Sample Average particle size (um)
S-500 0.96
S-750 0.77
S-1000 2.51

A-3 0.71

A-5 1.02

Characterization using infrared was conducted,
and the spectra are shown in Fig. 3 (a). All samples
show absorption at 3400 and 1615 cm-
Lwavenumber, corresponding to O-H stretching
and bending vibrations, respectively [28]. The
1315 and 1310 cm peaks indicate the C-O groups
[26]. Absorption around 823, 750, and 745 cm™ is
due to C-O and O-C=0 bonds [29]. Metal oxalate
is detected at wavenumber 485 cm™ [30]. These
results reveal information that the complexion of
metal oxalate has been successfully carried out.

Sample A-3 with optimum conditions (750 rpm
and 3h aging time) was further thermally analyzed
before and after mixing with LiOH.H-0, and the
result is shown in Fig. 3(b). For sample A-3,
heating to a temperature of 280°C before lithiation
results in a weight loss of 20%. This corresponds

to the release of two water molecules from the
NMC  precursor, confirming that the
coprecipitation between metal nitrates and oxalic
acid results in metal oxalate dihydrate following
the path in Eq. 1 [23].
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Figure 3. (a) Infrared spectra of S-500, S-750, S-1000, A-3,
A-5, and (b) thermal analysis of A-3 sample before and after
lithiation with LiOH.H.0

The following weight loss of 57% at 380 °C
from sample A-3 before lithiation is attributed to
removing gaseous species from the precursor [31].
After 400 °C, no significant weight loss was
detected. After lithiation, sample A-3 shows
weight loss of 1.57, 7.14, 8.51, and 4.50% from
room temperature to 180, 180-270, 270-350, and
350-490 °C, respectively. The loss of adsorbed
water from NMC-oxalate and LiOH.H,O is for the
first and second weight loss, the third is the
reaction between NMC-oxalate and oxygen, and
the last one is the formation of the final NMC
following the path given in Egs. 2-5 [32]-[34].
Similar results were also observed in another study
[27].

0.8Ni(NO3)2.6H20 @aq) + 0.1Mn(NO3)..4H.0
@y t 0.1C0o(NO3)7.6H20 ag) + H2C204 aq) —
Nio.sMno.1C00.1C204.2H20 (5) + 2HNO3 (ag)
+3.8H20 () 1)

Nio,sMno,1C00,1C204.2H20 () —
NiosMno.1C00.1C204 ) + 2H20 (q) 2)
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2LiOH.H20 (5 — Li20 () + 3H20 (g) 3

Nio.sMno.1C00.1C204 5y + O2 () —
Nio.sMno.1C00.102 ) + 2CO2 (g) (4)

2Ni0.sMno1C00.102 ) + Li20 ) —
2LiNio.sMng.1C00.102 )+ 0.50: () (5)

3.2 Characteristics of NMC811

In the thermal analysis, the lithiated NMC-
oxalate was sintered in two conditions, with and
without oxygen flow. In Figure 4 (a), LNMC-air
and LNMC-oxy show similar spectra with small
absorption at 880 and 1400 cm™. These can be
attributed to incomplete burning of oxalate or the
formation of Li,CO; impurities due to excess
lithium [29].
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Figure 4. (a) Infrared spectra and (b) X-ray diffractograms of
LNMC samples

Further characterization using XRD was
conducted to confirm this proposition. Analysis of
the X-ray diffractograms of all LNMC samples
except LNMC-air (shown in Fig. 4(b)) match with
reference ICDD 01-070-4314 (lithium nickel
manganese  cobalt oxide with layered
rhombohedral structure and R-3m space group)
with no impurities detected. However, LNMC-air

matches with lithium nickel oxide (reference 01-
077-2126), showing that manganese and cobalt
were not incorporated into the structure. These
results show that oxygen is important in the
sintering process of NMC811, primarily because
of the lower bonding energy between Ni** and O,
resulting in oxygen loss from the nickel-rich
material structure during the sintering process

[35]-[36].
LNMC-air and LNMC-oxy samples analyzed
using FESEM (Figs. 5(a)-5(b))

show semicircular-shaped particles
with an average particle size of 61 nm and 69 nm
(Table 2), respectively.

Based on the characterization results, the
sintering condition with oxygen flow was then
used to determine the sintering temperature.
Infrared spectra shown in Fig. 4(a), purple, green,
and blue lines correspond to the sintering
temperatures of 700, 750, and 800°C, respectively.
The sample sintered at 700°C shows a sharper
absorption around 880 and 1400 cm™. There is a
possibility that, because of the low sintering
temperature, the removal of oxalate from the
structure is incomplete. This can also be observed
from the FESEM image in Fig. 5(c), which shows
irregular particles (51 nm) compared to the
particles sintered at 750 and 800°C that are
semicircular (69 and 58 nm) (Figs. 5(b)-5(d)).
Further, the XRD results in Fig. 4(b) confirm that
LNMC-700 shows no clear peak splitting
(018)/(110) and has a low-intensity ratio of peak
(003)/(104), which is only 1.16. The clear peak
(018)/(110) splitting and 1(003)/1(104) ratio higher
than 1.20 are indications of a well-ordered layered
structure and low cation mixing [37]-[38].
Sintering at 800°C resulted in a high 1(003)/1(104)
of 1.67, higher than 750°C (1.47). It can then be
concluded that the optimum sintering temperature
is 800°C.

The effect of lithium concentration is
investigated by conducting the sintering process
under an oxygen atmosphere at 800°C, with a
variation of 0, 2, and 5% excess lithium. The
electron images in Figs. 5(d)-5(f) show that all
samples possess semicircular particles with the
smallest particle size of 57 nm for the LNMC-2
sample. Infrared results of these samples show
little absorption around 880 and 1400 cm
compared to other LNMC samples, meaning that
the removal of oxalate is completed and no
impurities of lithium compounds. This is
confirmed by XRD characterization. The highest
l003)/l204) ratio is exhibited by sample LNMC-2
(Table 2), which is 1.70.
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Figure 5. Electron images of (a) LNMC-air, (b) LNMC-oxy, (c) LNMC-700, (d) LNMC-800, () LNMC-0, and (f) LNMC-2

In conclusion, the optimum parameters are
using 2% excess lithium, sintering temperature at
800°C under oxygen flow. This sample is then
labeled as LNMCB811 and characterized using
EDS. The detected elements listed in Table 3
show that the nickel, manganese, and cobalt ratio
confirms the amount used in the synthesis.
Figure 6(a) shows the EIS result of the LNMC811
sample. Equation 1 is used to calculate the
conductivity (), where 1 is the thickness (150
um) and A is the area (2.14 cm?) of the sample.
The charge transfer resistance (Rc) measured for
the LNMCS811 sample is 261.4 Q, resulting in a
2.68 x 10° S/cm conductivity. This result is

similar to the result from another study [16]. The
charge-discharge graph in Fig. 6(b) shows the
initial charge and discharge capacity of
LNMC811 (229.73 and 212.93 mAh/g,
respectively) with a coulombic efficiency of
92.68%. The discharge capacity of this work is
higher compared to other studies conducted by
Wu et al. (discharge capacity of 178 mAh/g) [21],
Wijareni et al. (178.93 mAh/g) [25], and Gustiana
etal. (102.42 mAh/g) [26]. Figure 6(a) shows the
EIS result of the LNMC811 sample.

Equation 1 is used to calculate the conductivity
(), where 1 is the thickness (150 pm) and A is
the area (2.14 cm?) of the sample.
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Table 2. Average particle size and 1(003)/1(104) of
LNMC samples

Sample Lithium  Sintering Average lo3)/l(0.
amount temperature particle
(°C) size
(nm)

LNMC-air 61 0.78
LNMC-oxy 750
(LNMC-750) 5o o cess o 4
LNMC-700 700 51 1.16
LNMC-800
(LNMC-5) 500 58 1.67
LNMC-0 0% excess 60 161
LNMC-2 2% excess 57 1.70

The charge transfer resistance (Rc) measured
for the LNMCS811 sample is 261.4 Q, resulting
ina 2.68 x 10° S/cm conductivity.

Table 3. Elemental composition of LNMC811
Element (wt.%0) Ni Mn Co (0]
LNMC811 57.95 498 896 28.11

This result is similar to the result from another
study [16].
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Figure 6. (@) Nyquist plot, (b) initial charge-discharge
capacity of LNMC811

The charge-discharge graph in Fig. 6(b) shows
the initial charge and discharge capacity of
LNMC811 (229.73 and 212.93 mAh/qg,
respectively) with a coulombic efficiency of
92.68%. The discharge capacity of this work is

higher compared to other studies conducted by
Wu et al. (discharge capacity of 178 mAh/g) [21],
Wijareni et al. (178.93 mAh/qg) [25], and Gustiana
et al. (102.42 mAh/g) [26].

4. CONCLUSION

This study examined the synthesis parameters
such as stirring speed, aging time, lithium
amount, sintering atmosphere, and temperature to
determine the optimum parameters for NMC811
synthesis. Increasing stirring speed (750 rpm) and
aging time (3 hours) in the synthesis of NMC811
oxalate precursor resulted in a smaller particle
size of 0.71 um. Lithium amount (2% excess) and
sintering conditions (800 °C under oxygen flow)
are important to obtain the crystalline structure
with low cation mixing and impurities. These
optimum  conditions  result  in high
electrochemical performance of NMC811 with a
coulombic efficiency of 92.68% and a 212.93
mANh/g capacity. These results are promising for
the synthesis of NMC811 with a simple and
cheap process that does not require an inert
atmosphere.
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