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ABSTRACT
Developing safer and more sustainable synthesis
routes for lithium-ion battery cathodes is important
for both environmental practices and laboratory
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sintering. X-ray diffraction confirmed the formation
of a layered a NaFeO2-type structure with R3m symmetry for all samples without detectable secondary
phases. The 40 g NaOH condition showed the best structural ordering, reflected by a relatively high
1(003)/1(104) intensity ratio associated with reduced cation mixing. Fourier transform infrared spectra
verified the decomposition of the oxalate ligand during thermal treatment and the appearance of metal-
oxygen lattice vibrations consistent with NCA formation. Scanning electron microscopy revealed that
the 40 g NaOH sample produced more uniform particles with a narrower size distribution than other
variants. Based on these results, the 40 g NaOH sample was selected for electrochemical evaluation
and delivered an initial discharge capacity of about 110 mAh g=' at 0.1 C in a full cell configuration.
Overall, NaOH is demonstrated as an effective and safer substitute for ammonia in oxalate
coprecipitation, enabling greener NCA synthesis protocols for research and teaching.
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INTRODUCTION

Lithium-ion batteries (LIBs) are among
the most widely used energy storage
technologies today, particularly in electric
vehicles and portable electronic devices [1].
LIBs are rechargeable electrochemical

systems that operate through the reversible

insertion and extraction of lithium ions
(intercalation and deintercalation) between
the cathode and anode during charge and
discharge cycles. During charging, lithium
ions migrate from the cathode to the anode
through the electrolyte, while electrons travel

through the external circuit. During discharge,

©2025 The Authors. This open-

595 access article is distributed

under a (CC-BY-SA License)


https://jurnal.uns.ac.id/jkpk
mailto:shofirulsholikhatun.nisa@upnyk.ac.id
https://doi.org/10.20961/jkpk.v10i3.108184
https://doi.org/10.1016/j.esr.2024.101482

596 S.S. Nisa, Safer and Sustainable Co-precipitation

the process reverses, allowing for the
efficient delivery of electrical energy [2][3].

A typical LIB consists of four main
components: (i) a cathode, commonly a
lithium transition metal oxide such as
LiNit1-x-yCoxAlyO2 (NCA), LiNit1-x-yMnxCoyO2
(NMC), or LiFePO4 (LFP); (ii) an anode, most
often graphite; (iii) an electrolyte containing a
lithium salt dissolved in organic solvents; and
(iv) a separator that prevents short circuits
while allowing lithium ion transport [3].
Among these components, the cathode has a
significant influence on battery capacity,
operating voltage, and cycle life, making it a
key determinant of overall performance.
Various cathode chemistries have been
developed, including layered LiCoO2, spinel
LiMn20O4, olivine-type LFP, and nickel-rich
layered oxides such as NCA and NMC [4].

Nickel-based layered oxides are
particularly attractive due to their high specific
capacity and low cost compared to cobalt-rich
compositions. However, nickel-rich cathodes
suffer from structural instability, cation mixing
(Ni?*/Li* disorder), and poor thermal stability,
which can compromise both safety and long-
term performance [5][6][7]. To address these
limitations, small amounts of cobalt and
aluminum are commonly incorporated.
Cobalt improves structural ordering and
electronic conductivity, while aluminum
enhances thermal stability and suppresses
undesirable phase transitions during cycling
[4][7]. As a result, NCA has become a leading
vehicle (EV)

applications, offering high energy density

candidate for electric
while maintaining sufficient stability under
operating conditions. The performance of

NCA strongly depends on its synthesis

method, which determines phase purity,
particle size, morphology, and cation
distribution. Various synthesis routes have
been explored, including sol—gel,
hydrothermal, spray pyrolysis, solid-state
reaction, and co-precipitation. While sol-gel
and hydrothermal methods can provide good
compositional control, they are often time-
consuming, energy-intensive, or difficult to
scale up. Spray pyrolysis, although capable
of producing fine

powders, requires

sophisticated equipment and high
operational costs. In contrast, co-
precipitation is considered the most
economically feasible and scalable method
for producing homogeneous precursors with
controlled particle size and morphology,
making it a widely adopted method for
commercial cathode production [8].
Co-precipitation processes can be
broadly grouped into three routes based on
the precipitating agent employed. The basic
route, which utilizes hydroxide precipitation,
often vyields spherical secondary particles
with good tap density; however, it is highly
sensitive to operating conditions and can lead
to compositional inhomogeneity. The neutral
route, commonly based on carbonate
precipitation, generally provides more stable
conditions; however, it frequently yields
precursors with irregular particle morphology
that may adversely affect electrochemical
performance. The acid route, particularly
oxalate  precipitation, offers  specific
advantages for cobalt-containing systems.
Oxalic acid can stabilize Co2+ ions in
solution, promoting uniform nucleation and
producing

precursors  with  improved

homogeneity and morphology. The oxalate
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route also enables better control of particle
size and size distribution, making it an
attractive approach for synthesizing layered
oxide cathode materials [9][10].

Despite these advantages, using
oxalic acid alone has several limitations. As a
strong organic acid, it is corrosive and may
generate acidic byproducts, such as H2S04,
when sulfate salts are used as precursors,
which can reduce vyield and complicate
process control. To address these issues,
ammonia has often been used as a pH buffer
during oxalate co-precipitation [11]. Ammonia
helps maintain stable precipitation conditions
and can improve particle uniformity and
morphology. However, ammonia poses
safety and environmental concerns because
it is toxic and volatile, creating health risks in
laboratory and industrial environments [12].
In addition, most ammonia is produced from
natural gas through the Haber-Bosch
process, which is energy-intensive and
associated with substantial carbon
emissions, making ammonia less compatible
with green chemistry principles [13].

Sodium hydroxide (NaOH) has been
proposed as an alternative pH controller in
oxalate co-precipitation to address the
limitations associated with ammonia. NaOH
is nonvolatile, easier to handle, and generally
presents fewer safety concerns than
ammonia. Previous work has shown that
NaOH-assisted oxalate co-precipitation can
produce NCA precursors under controlled
conditions, typically in the pH range of 3 to 4
[14]. However, the effect of NaOH dosage on
precursor formation and on the resulting NCA
cathode properties has not been

systematically examined. In particular, the

relationships between NaOH amount, phase

formation, particle  morphology, and

electrochemical performance remain

insufficiently understood. Developing
ammonia-free synthesis routes for NCA is
therefore an important objective for greener
and safer cathode manufacturing.

This study presents an ammonia-free
oxalate co-precipitation method for
synthesizing NCA precursors, utilizing NaOH
as a safer and more environmentally benign
pH controller. Structural, chemical, and
morphological characterizations were
conducted to determine the optimal synthesis
condition, followed by electrochemical testing
of the most promising sample to evaluate its
battery performance. The findings contribute
to the development of a more sustainable
NCA synthesis strategy and provide practical
insight for applications where safety and

environmental considerations are critical.

METHODS

1. Materials
This study used Nickel sulfate

hexahydrate (NiSO4.6H20, Zenith Chemical
Corporation), cobalt sulfate heptahydrate
(CoS04.7H20), Schmudt Chemie Gmbh),

aluminium sulfate octadecahydrate
(Al2(S04)3.18H20, Mahkota), lithium
hydroxide monohydrate (LIOH.H20,
Leverton), oxalic acid dihydrate

(H2C202.2H20, YC Chemicals Ltd), and
sodium hydroxide (NaOH, Asahi) were used
as raw materials. All chemicals were of
technical grade and used without further
purification. Deionized water was used in all
preparation steps.

The materials used for electrode

preparation and cylindrical cell fabrication,
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including acetylene black (AB),
carboxymethyl cellulose (CMC), styrene—
(SBR),

polypropylene (PP) separator, and LiPF¢

butadiene rubber graphite,
electrolyte. All materials were battery-grade
and supplied by Shandong Gelon Lib Co.,

Ltd.

2. Synthesis Procedures
A mixed solution of Ni, Co, and Al

was prepared with a mole ratio of Ni:Co: Al =
0.80:0.15:0.05 and adjusted to a final
concentration of 1 M. Separately, 1 M oxalic
acid solution was prepared as the chelating
agent, while NaOH was used as the pH-
controlling agent, with mass variations of 20
g, 40 g, 60 g, and 80 g dissolved in 250 mL
of distilled water.

The mixed Ni—-Co—Al solution was
slowly added dropwise into the oxalic acid
solution under continuous stirring at 600 rpm.
Subsequently, NaOH solution was added
dropwise. The reaction mixture was
maintained at 60°C for 4 hours under
constant stirring at 600 rpm to allow for the
complete precipitation of the NCA precursor,
followed by a 2-hour aging process. The
resulting precipitate was filtered and
thoroughly washed with deionized water until
the filtrate reached neutral pH, then dried in
an oven at 100 °C overnight. The dried NCA
precursor powder was mixed with lithium
hydroxide monohydrate at a molar ratio of
1:1.05 (precursor: LiOH-H20) to compensate
for lithium loss during calcination. The
precursor—LiOH mixture was first calcined at
500°C for fivehours to remove volatile
components, followed by sintering at 800 °C
for 12 hours to form the layered NCA cathode

structure. Both processes were carried out in

an oxygen atmosphere. The obtained NCA
powder was sieved through a 200-mesh
screen to ensure uniform particle size
distribution before characterization and
charge-discharge testing. The samples were
named based on the mass of NaOH used,
with precursor labeled PNCA-NaOH 20,
PNCA-NaOH 40, PNCA-NaOH 60, and
PNCA-NaOH 80, corresponding to 20 g, 40
g, 60 g, and 80 g of NaOH, respectively. The
same nomenclature is maintained for the final

cathode materials.

3. Material Characterization

The phase composition and
crystallographic structure of the synthesized
NCA powders were analyzed using X-ray
diffraction (XRD, EQ-MD-10-LD Precision
Mini XRD, MTI) with Cu Ka radiation A =
1.5406 A at a 20 range of 15-70° and a scan
speed of 0.2 degree’. The diffraction
patterns were collected to identify the
formation of layered NCA and to determine
phase purity. The chemical bonding and
functional groups of the precursor and
calcined NCA were investigated using
Fourier-transform  infrared spectroscopy
(FTIR, Shimadzu FTIR Spectrometer) in ATR
mode over the range of 400—4000 cm™. The
morphology and particle size distribution of
the synthesized NCA powders were
observed using electron
microscopy (SEM, JCM 7000, JEOL) with an

accelerating voltage of 15 kV, a working

scanning

distance of 14.3 mm, and without the use of
a conductive coating. SEM imaging was used
to examine particle shape, surface texture,

and agglomeration behavior.
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4. Electrochemical Testing

Charge—-discharge  testing was
conducted on the best-performing NaOH
variant, based on previous characterization
results showing the most favorable lattice
characteristics,  well-defined  functional
groups, and a uniform particle morphology.
The NCA cathode material was prepared into
a slurry by mixing NCA powder, AB, CMC,
SBR, and oxalic acid in a mass ratio of
89:6:3:1:1, respectively. Deionized water was
then added to the mixture with a weight ratio
of 1:1. The resulting slurry was uniformly
coated onto one side of an aluminum foil
current collector, with a coating thickness of
approximately 200 um, and subsequently
dried in an oven at 80°C until it was fully dry.
The same process was repeated on the
opposite side of the foil to produce a double-
sided cathode sheet. The prepared cathode
sheets were then assembled into 18650
cylindrical cells (18 mm diameter and 65 mm
height) in a dry room, using graphite sheets
as the anode and a polypropylene separator.
The electrolyte used was 1 M LiPF, (EC:
EMC = 3: 7), and the electrolyte filling was
performed inside an argon-filled glovebox.
The fabricated 18650 cells were subjected to
galvanostatic charge—discharge testing using

a Neware Battery Analyzer with BTS software

Precursor formation:

to record the electrochemical response,
within a voltage range of 2.5-4.3 V at a rate
of 0.1 C. The raw data obtained from the
analyzer were subsequently processed and

analyzed using Origin software.

RESULT AND DISCUSSION

The synthesis of LiNio.soC00.15Al0.0502
(NCA) cathode material via ammonia-free
oxalate co-precipitation was investigated to
understand the influence of NaOH on the
structural, chemical, and morphological
properties of the resulting powders. The
formation of the NCA cathode material
proceeded via two main steps: precursor
precipitation and subsequent calcination and
sintering. Aqueous solutions of transition
metal salts (Ni, Co, Al) were co-precipitated
using oxalic acid dihydrate in the presence of
NaOH. In this step, precursor of Ni, Co, and
Al was obtained, while sodium sulfate
remained in the aqueous phase as a by-
product. The dried precursor was
subsequently mixed with lithium hydroxide
monohydrate and calcined in an oxygen
atmosphere. During calcination, the oxalate
and hydroxide species decomposed,
releasing CO2 and H20, and the layered
oxide phase was formed. The simplified

reaction can be expressed as follows:

0.8NiSO, + 0.15C0S0, + 0.0.25A1,(S0,)s + 0.95H,C,0, + 2.05NaOH — 0.8NiC,0,.2H,0 +

0.15C0C,0,.2H,0 + 0.0541(0H); + 1.025 Na,S0,

Product formation:

(1

0.8NiC,0,.2H,0 + 0.15C0C,0,.2H,0 + 0.05Al(0H)5 + LiOH. H,0 + 0.96250, —

LiNigg0C00.054l0,0505 + 1.9C0, + 2.975H,0

(2)
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1. XRD Analysis

To further elucidate the impact of
NaOH on the formation of NCA cathodes, the
structure of the synthesized powders was first
examined by XRD. XRD patterns of the NCA
precursors are shown in Figure 1. The XRD
patterns of all NCA precursors are similar to
nickel oxalate dihydrate (NiC204.H20),

typically indexed to the JCPDS cards No. 25-
0581 [15][16]. Characteristic diffraction peaks
appear at 26 corresponding to the (202),
(004), (400), and (022) reflections, confirming
successful formation of the intended oxalate
precursor [14]. No extraneous peaks from
impurities were detected, indicating phase

purity across all samples.

PNCA-NaOH 20
o~

PNCA-NaOH 40
o~

PNCA-NaOH 60
)

Intensity (a.u)

20 25

30 35 40

2 theta (degree)

Figure 1. XRD pattern of NCA precursor with varying amounts of NaOH

Table 1. Orthorhombic lattice parameters (a, b, c) and unit cell volume (V) of the NCA precursors

Sample a(A) b (A) c (A) Volume (A3)
PNCA-NaOH 20 11.809 5.014 15.401 911.958
PNCA-NaOH 40 11.560 5.226 15.010 906.858
PNCA-NaOH 60 11.520 5.211 15.086 905.555
PNCA-NaOH 80 11.637 5.307 15.239 941.059

The orthorhombic lattice parameters
of the NCA oxalate precursors are shown in
Table 1. All samples exhibit a smaller lattice
parameter than nickel oxalate dihydrate (a =
11.762 A, b=5.332 A, c = 15.726 A) [17], with
the slight differences attributed to the

incorporation of Co and Al atoms into the
crystal lattice [14].

Figure 2 compares the XRD patterns
of NCA synthesized using different NaOH
amounts with a commercial NCA reference.
All diffractograms show the set of reflections
typical of a layered a NaFeO2 type structure
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with rhombohedral symmetry (space group
R3m), consistent with the standard NCA
pattern (JCPDS No. 87 1562) [14][15]. The
presence of the low-angle (003) reflection,
together with (101), (104),
(006)/(102), (108)/(110), and (113) peaks,
confirms the formation of a well-developed

the clear

layered oxide framework. Peak splitting in the
(006)/(102) and (108)/(110) regions is also
evident, which is commonly regarded as a

signature of good layered ordering in Ni-rich

601

cathode materials. In addition, variations in
peak sharpness and relative intensity among
the synthesized samples indicate that NaOH
dosage influences crystallinity and cation
ordering, even though the overall phase
remains the same. Importantly, no additional
reflections attributable to impurity phases
were observed within the measured range,
suggesting that the oxalate co-precipitation
route produced phase-pure NCA across all

NaOH conditions.

NCA-NaOH 4

E

o

(101)
(008)/(012)

=

NCA-NaOH

§

(003)
(101)
(008)/(01

Intensity (a.u)

NCA-NaOH

(101) @
(006y(012}

——--—NCA Commergs

e
=
e
pi

(003)

(006y(014}

(104)
(018)(110)

(113)

(104)

20 25 30 35 40 45 50 55 60
2 theta (degree)

Figure 2. XRD pattern of NCA cathode material

Table 2. Lattice parameter of the NCA cathode material

Sample a (A) c (A cla 1(003)

1(104)
NCA-NaOH 20 2.811 13.868 4.933 0.786
NCA-NaOH 40 2.862 14.017 4.897 0.832
NCA-NaOH 60 2.862 13.921 4.864 0.680
NCA-NaOH 80 2.851 13.989 4.907 0.728
NCA Commercial 2.872 14.066 4.880 1.258

Table 2 shows that the lattice compact lattice. In contrast, the commercial

constants a and c decrease at lower NaOH
dosages. The NCA NaOH 20 sample exhibits

the smallest a and c values, indicating a more

NCA sample shows the largest lattice
constants, suggesting a comparatively more

expanded crystal structure.
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Among the synthesized materials,
NCA NaOH 40 exhibits the most favorable
structural ordering. Its 'a and' ¢ 'values are

closest to those of the commercial NCA, and

its' c/a' ratio indicates a well-developed
layered  structure. In  addition, the
[(003)/1(104) intensity ratio, which is

commonly used to evaluate crystallinity and
the extent of Li Ni cation mixing, is relatively
high for NCA NaOH 40. This result suggests
reduced cation disorder and improved
layered ordering compared with the other
synthesized samples. Previous studies have
consistently reported that c/a ratios close to

or above 4.9, along with high 1(003)/1(104)

values, are characteristic of well-ordered
R3m layered cathodes with minimized cation
mixing, which is beneficial for electrochemical

performance.[18][19].

2. FTIR Analysis

FTIR spectroscopy was conducted to

complement the structural analysis by
tracking the evolution of chemical bonds
This

technique provides evidence for the removal

during precursor decomposition.
of oxalate ligands and the formation of metal-
oxygen (M—0) bonds, thereby supporting the

effectiveness of the calcination and sintering

Transmittance (%)

steps.
PNCA-NaOH 20
O-H
»-
c-o
Cc=0 -
——— PNCA-NaOH 40 >
- PNCA-NaOH 60
metal-O
- =
PNCA-NaOH 80
- AL A ' 3 A - A - A ~ ' 8 e

4000 3500 3000 2500 2000 1500 1000

500

Wavenumber (1/cm)

Figure 3. FTIR spectra of NCA precursor with varying amounts of NaOH

Figure 3 shows the FTIR spectra of
the synthesized NCA precursors. The spectra
display absorption features characteristic of

hydrated metal oxalate species. Broad bands

in the 3360 to 3380 cm™ region are assigned
to O—H stretching vibrations from interlayer
and surface adsorbed water, which are

commonly observed in metal oxalate
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hydrates. Strong bands in the 1315 to 1620
cm™ range correspond to the asymmetric
and symmetric stretching vibrations of
(C204%),

ligands are

coordinated oxalate  groups

confirming that oxalate

incorporated into the precursor structure.
Additional bands near 600 cm™ are attributed
to metal oxygen stretching vibrations,
indicating the presence of a mixed metal

oxalate framework[20].

NCA-NaOH 20

NCA-NaOH 40

NCA-NaOH &0

NCA-NaOH 80

Transmittance (%)

—— NCA Commercial

(L

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (1/cm)

Figure 4. FTIR spectra of NCA cathode material

Figure 4 shows the FTIR spectra of
calcined NCA cathodes, which reveal the
successful transformation of the oxalate
precursors into the layered oxide phase.
Characteristic absorption bands associated
with oxalate groups (C=0O and C-O at
1620cm™ and 1315 cm™) and intercalated
water (O—H stretching at 3360-3380cm™)
are no longer observed, confirming the
complete decomposition of the oxalate
precursor during calcination. This is
consistent with the formation of the expected
a-NaFeO,-type layered structure of NCA.
Intense absorptions dominate the spectra of
all samples at around 600cm™, which
correspond to M-O (Ni-O, Co-O, AI-0)

stretching vibrations in the layered NCA

lattice.[21][22]. The FTIR spectra of the
synthesized samples are comparable to
those of the commercial NCA material,
further validating the effectiveness of this
synthesis route. Overall, the variation in
NaOH

significant differences in chemical bonding or

concentration did not lead to

functional group composition.

3. SEM Analysis

Beyond structural and chemical
characterization, SEM was used to examine
the morphology and particle size distribution
of the synthesized NCA powders. The SEM
results indicate that the NaOH dosage plays
a crucial role in controlling particle shape,

size uniformity, and agglomeration behavior.
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Figure 5. SEM image at 10,000x magnification of NCA precursor with varying amounts of NaOH:

)80 g.

60 g,and d

)

a)20g,b)40g,c

1,2 14 1.6 18 2,0 2,2 24 2,6

Size (um)

Size (pm)

Size (pm)

Size (um)

Figure 6. Particle size histogram of NCA precursor with varying amounts of NaOH

Figure 7. SEM image at 10,000x magnification of NCA cathode material: a) NaOH 20 g, b) NaOH

40 g, ¢c) NaOH 60 g, d) NaOH 80 g, and €) commercial
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Figure 8. Particle size histogram of NCA cathode material

At the lowest NaOH dosage (Figure
5a), the precursor particles exhibit irregular
morphology and strong agglomeration,
forming dense clusters with a broad size
distribution of approximately 1.6-3.2 pm
(Figure 6). Increasing the NaOH amount to
40 g (Figure 5b) yields particles that remain
relatively large (approximately 1.2-2.6 pm),
yet the particle boundaries become more
clearly defined, and the surface appears
rougher. A more pronounced improvement is
observed at higher NaOH dosages.
Precursors prepared with 60 g and 80 g
NaOH (Figures 5c¢ and 5d) show better
particle uniformity and a narrower size
distribution, with particles that are more
rounded, discrete, and more homogeneously

dispersed.

Morphological evolution after
calcination and sintering is shown in Figure 7,
the

distributions are presented

while corresponding particle size
in Figure 8.
Compared with the precursor stage, the final
NCA powders exhibit notable microstructural
NCA NaOH 20
agglomerated  particles  with
NCA NaOH 40

displays improved necking and grain bonding

changes. shows
clearer
interparticle boundaries.
while still retaining distinguishable grain
boundaries. A major change occurs for NCA
NaOH 60, where the particles become highly
fused and irregular, resulting in large
agglomerates. This suggests that although
the 60 g NaOH precursor initially exhibited a
favorable morphology, it likely underwent

excessive grain growth during thermal
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in undesirable
NCA NaOH 80

shows more uniform grain fusion and slightly

treatment, resulting

microstructural features.
more regular particle shapes than the 60 g
sample, indicating a more controlled sintering
the

particles. These trends are consistent with

response despite finer precursor
the particle size histograms in Figure 8. After
sintering, NCA NaOH 60 shifts from a sharp
and narrow distribution centered at about 0.9
um in the precursor stage to a broader
distribution, confirming significant particle
growth and aggregation. In contrast, NCA
NaOH 80 maintains a similar size range
before and after sintering, indicating better
control over grain growth. NCA NaOH 20 and
40 show moderate reductions in particle size
after sintering. In comparison to these
NCA exhibits

dominant particle sizes of around 0.5 ym, as

samples, the commercial

shown in Figure 8.

4. Electrochemical Performance

Among the prepared samples, NCA-
NaOH 40 was selected for charge-discharge
testing based on its consistently exhibiting
the best overall combination of structural
1(003)/1(104)

among the synthesized samples), complete

ordering (the highest ratio

decomposition of oxalate ligands, and
uniform particle morphology with narrow size
distribution. During the charging process, Li*
ions migrate from the cathode through the
electrolyte toward the anode, accompanied
by electron transfer via the external circuit
(Egs. 3-5). This mechanism is analogous to
electrolysis, where electrical energy is stored
as chemical potential. In contrast, during
discharging, Li* ions return from the lithiated
anode to the cathode while releasing
electrons, resembling the operation of a
galvanic cell (Egs. 6—8). The overall reaction

for a complete charge—discharge cycle is

summarized in Eq. (9)[7].

Charging:

LiNio.80C00.15Al0.0502 - XLi* + Li1-xNio.80C00.15Al0.0502 + xe" (3)

xLi* + xe” + 6C - LixCe + 4)

LiNio.80C00.15Alp.0s02+ 6C = Li1xNio.80C00.15Al0.0502 + LixCs (5)

Discharging:

XLi* + Li1-xNio.80C00.15Al0.0s02 + x&~ = LiNi0.80C00.15Al0.0502 (6)

LixCs - xLi*+ xe + 6C + (7)

Li1-xNio.80C00.15Al0.0502 + LixCs - LiNio.80C00.15Al0.0s02 + 6C (8)

Overall reaction:

LiNio.soC00.15Al0.0s02+ 6C 2 Li1-xNio.80C00.15Al0.05s02 + LixCe (9)
The charge-discharge profile in material. This value remains below the

Figure 9 shows a clear voltage plateau at
approximately 3.6-3.8 V, characteristic of
layered NCA cathodes undergoing reversible
lithium intercalation and deintercalation. The
initial specific discharge capacity reaches
110.697 mAh g-1 at 0.1 C, indicating good

electrochemical activity of the synthesized

theoretical capacity of about 180 mAh g-1,
which is expected because the evaluation
was conducted in a full cell configuration
using a graphite anode rather than lithium
metal, and the full cell capacity is limited by
electrode balancing and practical cell

polarization.
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A combined interpretation of the
XRD, FTIR, SEM, and electrochemical
results clarifies how structural and
morphological features influence lithium
storage performance. XRD indicates that the
40 g NaOH sample exhibits the highest
structural ordering, as reflected by an
[(003)/1(104) ratio,

associated with reduced cation mixing and

elevated which is

improved layered crystallinity,
transport. FTIR

confirms the decomposition of the oxalate

thereby

facilitating  lithium ion

ligand during thermal treatment, supporting
the formation of a stable oxide framework.
SEM observations reveal a relatively uniform
particle morphology with a narrower size
distribution, which can reduce diffusion
limitations and enhance electrode-electrolyte
contact. These advantages are consistent
with the electrochemical performance, where
NCA NaOH 40 delivers 110.697 mAh g-1,
corresponding to roughly 60% of the

theoretical capacity.

= NCA-NaOH 40

T T T T T T
80 100 120 140 160 180

Specific Capacity (mAh/g)

Figure 9. Charge-discharge curve of NCA-NaOH 40

Several limitations should be noted.
The NaOH dosages investigated were
limited, which may exclude conditions that
could further optimize phase formation and
microstructure. Additionally, electrochemical
testing was conducted on a limited number of
samples, thereby reducing the statistical
strength. Future work should explore a wider
parameter space for synthesis and include
more replicate cells to improve the reliability
and generalizability of the observed

structure-performance relationships.

CONCLUSION
This study demonstrates that the

NaOH dosage, particularly 40 g, is crucial for

optimizing NCA cathode materials
synthesized via oxalate co-precipitation.
Overall results confirm that NaOH strongly
controls precursor quality and final cathode
properties, with 40 g providing the most
between  structural

favorable balance

ordering and particle morphology.

XRD indicates that NCA NaOH 40
has a relatively high 1(003)/I(104) ratio,
implying reduced cation mixing and better
layered ordering. FTIR confirms complete
oxalate decomposition after calcination and
the formation of metal oxygen lattice
vibrations in all samples, while NCA NaOH 40

exhibits sharper, more well-defined peaks,
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indicating higher crystallinity. SEM reveals
that NCA NaOH 40 yields the most uniform
morphology, characterized by a relatively
narrow particle size distribution (8—12 um),
which supports improved packing and lithium
ion transport. Consistent with these features,
charge-discharge  testing demonstrates
reversible lithium insertion and extraction,
with an initial discharge capacity of 110.697
mAh g-1 at 0.1 C, or approximately 60% of
the theoretical NCA capacity (180—-200 mAh
g™"). The findings emphasize that controlling
the NaOH concentration is essential for
regulating  precipitation  kinetics  and
nucleation growth behavior in ammonia-free
NCA synthesis. Further work should extend
the NaOH

evaluate cycling stability and rate capability at

range with finer increments,

multiple C rates, clarify NaOH’s mechanistic
role using in situ methods, and validate

scalability at the pilot scale.
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