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Abstract. This study demonstrates a novel approach to high-performance cathode materials by utilizing coal fly ash as a source of Al and Fe dopants
for nickel-rich layered oxides. LiNixCoyAl.Fe(1xy.2O2 (NCAF) materials were synthesized through a combined hydrometallurgical-solid state route,
incorporating fly-ash waste-derived Al/Fe hydroxides (AFH) at various concentrations during the lithiation process. The characteristics of NCAF
precursors, AFH and NiosC002C204, were thoroughly investigated. Structural analysis confirms the successful formation of single-phase materials with
a-NaFeO2 structure (R-3m) up to 5% AFH content, exhibiting changes in the level of order, lattice parameters, and unit cell volume. Surface area
characteristics show a transition from 38.747 m?/g to 6.52 m?/g with increasing AFH content, approaching the ideal surface area. The compositional
evolution from LiNiosC00202 to LiNio.ssCoo.16Al0.0sFeo.1002 maintains uniform atomic distribution. In the full-cell configuration with graphite anodes
(N/P ratio: 1.2-1.3), NCAF with 5% AFH demonstrates enhanced electrochemical performance (~155 mAh/g), attributed to synergistic effects of Al-
induced structural stabilization and Fe-contributed redox activity. This approach establishes a pathway for simple and low-cost battery material
development while addressing industrial waste utilization.
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1. Introduction cathode-containing batteries, especially the layered Lithium
Nickel Cobalt Aluminum Oxide (LiNixCoyAl.O. or NCA)
batteries. However, there is still room for improvement in terms
of capacity and sustainability(Purwanto et al., 2018).

Fly ash, a by-product of coal combustion, presents
significant environmental challenges due to its high content of
heavy metals and difficulty in processing (Mathapati et al,
2021). However, its composition, particularly the presence of
Al,Os and Fe203, makes it a potential raw material for battery
production (Y. Zhang et al., 2019). Despite this potential, few
studies have specifically investigated the extraction of SiO:
(Jumari et al,, 2020), Al2Os, and Fe20s from coal fly ash (Zhang
et al., 2019). This has led to potential modifications, such as the
incorporation of coal fly ash waste, resulting in fly ash-derived
active anode and cathode materials. The silicon-based anode
has been extensively studied. However, extraction of Si from fly
ashes often produces secondary Al and Fe-containing residue
(Liu et al., 2022).

Recent research has focused on overcoming challenges in
NCA synthesis and improving its performance. Advanced co-

The global demand for energy storage continues to
increase, driven by the growing energy needs of electronic
devices, industry, and long-term transportation
(Chandrasekharam et al, 2024). Simultaneously, the Paris
Climate Agreement of 2015 introduced the Net Zero Emissions
(NZE) program, aiming to reduce environmental pollution and
mitigate global warming. Energy production and storage are
crucial factors in achieving NZE goals. As fossil fuel reserves are
depleting along with the increasing generated waste or
emissions, there is an urgent need for renewable energy storage
solutions (Lagouir et al., 2021).

Lithium-ion batteries have emerged as a promising
technology for cleaner energy production. These rechargeable
electrochemical cells, composed of a negative electrode (anode)
(Mopoung et al., 2021), positive electrode (cathode) (Sudaryanto
et al., 2024), electrolyte, and separator(Rahmawati et al., 2024),
can store electrical energy for extended periods. Currently,
many research focuses on improving battery performance
through electrode enhancement. One notable advancement in
lithium-ion battery technology is the development of Ni-rich
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precipitation methods using various chelating agents like
ammonia, 5-sulfosalicylic acid (Xie ez al., 2015), oxalic acid (Nisa
et al., 2021) and EDTA (Xie et al., 2016)have shown promise in
enhancing material. Doping strategies, particularly with
elements like Fe, have emerged as effective ways to improve
electrochemical properties. Kim et al. reported that Fe doping in
LiNiossC00.10AloosO2 enhanced performance at elevated
temperatures, improving capacity retention and cycle life (Kim
et al., 2014). Other dopants such as Mg (Lv et al., 2020) , Ti, and
Mn (Wan et al.,, 2018) have also been explored, each offering
unique benefits in structural stability and ion diffusion. Surface
modification techniques, including coatings with metal oxides,
fluorides, and phosphates, have been developed to protect NCA
particles from side reactions with the electrolyte, especially at
high temperatures and voltages (Seenivasan et al., 2022). These
coatings significantly improve the cycling stability and thermal
properties of NCA cathodes. Despite these advancements,
challenges remain in achieving consistent quality at scale while
minimizing production costs and environmental impact
(Purwanto et al, 2018). In fact, the co-precipitation of NCA
precursor is often challenged by the difficulties of Al
incorporation during the precipitation owing to differences in
Ky value (K. He et al,, 2017). Extensive researches continue to
explore optimal combinations of synthesis techniques, dopants,
and coatings to meet the growing demand for high-
performance, stable NCA cathode materials in the expanding
lithium-ion battery market (Wang et al., 2023). The doping
technique is promising to be adapted due to its simplicity. This
opens the opportunity to improve the characteristic of NCA by
Fe and Al doping from coal fly ash. Herein, this research
addresses this technological gap by utilizing fly ash as a
component in Fe-doped NCA (NCAF) cathode materials. Al and
Fe were extracted and isolated through hydrometallurgical
processes such as leaching and chemical precipitation. The
precipitate was then used as a material for the synthesis of
NCAF. The optimum composition was investigated by varying
the dopant content during the synthesis. This approach serves
multiple purposes by mitigating environmental problems
caused by fly ash waste, Enhancing the efficiency and durability
of NCAF batteries, and increasing the economic value of waste
processing. By repurposing fly ash for battery production, this
study presents an innovative solution to waste management
while contributing to the development of more sustainable
lithium-ion batteries.

2. Materials and Methods
2.1 Materials

Waste fly ash was obtained from PT Paiton Energy
(Indonesia) in fine powder form. The fly ash was obtained using
an electrostatic precipitator installed in the flue gas pathway.
Analytical grade sulfuric acid (H2SO4, 95-97%, Merck, Germany)
was used as a leaching agent to extract Al,Os; and Fe;O3 and
avoid the extraction of Ca. Sodium hydroxide (NaOH, =98%,
Asahi, Indonesia) was used as a precipitating agent. All other
chemicals used were of analytical grade and used without
further purification.

2.2 Methods

2.2.1 Recovery of Iron and Aluminum from Fly Ash Waste

The recovery process was initiated by mixing 100 g of
fly ash with 200 g of Na,COs. The mixture was heated inside a
crucible at 900°C for 5 hours to obtain a clinker. The clinker was
then ground and added to DI water at 80-90°C for 2 hours to
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Table 1
The mass composition of NCO and AFH for the preparation of
NCAF precursor

NCAF variations NCO %mass AFH %mass

NCAFO0 100 0

NCAF2.5 97.5 2.5

NCAF2.5 95.0 5.0

NCAF7.5 92.5 7.5

form a slurry. The slurry was filtered, and the residue was dried.
At this point, a large amount of SiO: is reduced(X. Liu et al,
2022).

The dry residue was leached with 1 L of 2 M H2SOs at 80-
90°C for 2 hours. The leachate was filtered and rinsed with 500
mL of DI water. The filtrate was heated to 60°C and precipitated
using 4 M NaOH until pH 10-11 was reached. The precipitate
was filtered, washed with water until neutral pH, and oven-
dried. This precipitate, consisting of a mixture of Fe(OH)s and
Al(OH)s, was designated as the AFH precursor.

2.2.2 Preparation of NipsC00.2C204 (NCO precursor)

The NC precursor was synthesized by dissolving 0.8 mol
of NiSO4+-6H:0 and 0.2 mol of CoSO4+7H:0 in 1 L of distilled
water at 60°C. To this solution, 1 mol of C2H204 and 2 mol of
NaOH were added to achieve a pH of 2-3, resulting in
precipitation of a pale green powder. The mixture was
maintained at 60°C with continuous stirring for 2 hours. The
precipitate was filtered, washed with DI water until neutral pH,
dried, ground, and sieved through a 200-mesh screen.

2.2.3 Synthesis of NCAF Precursor

The NCAF precursor was prepared by mixing the NCO
precursor (NiosCo0.2C204) with the AFH precursor (Al(OH); and
Fe(OH)s) in various mass ratios, as shown in Table 1. The
mixtures were homogenized using a mortar and pestle.

2.2.4 Calcination and sintering process

The NCAF precursor (200 g) was mixed with LiOH-H.O
(50 g) using a mortar and pestle. The mixture was transferred to
a porcelain crucible and calcined at 500°C for 5 hours under O;
flow in a muffle furnace. After that, the samples were sintered at
750°C for 12 hours under O: flow to improve the crystalline
property and density of the material.

2.2.6 Characterization of materials

Fourier-Transform Infrared Spectroscopy (FTIR, IR-Spirit,
Shimadzu, Japan) analysis was employed to investigate the
presence of functional groups in the materials. X-ray
diffractometer (XRD, Bruker Phaser, Germany) was used to
analyze the crystal phase and structure of the material. The
morphology and the element compositions were examined
using Scanning Electron Microscope-Energy Dispersive X-ray
Spectroscopy (SEM-EDX, JCM 7000, JEOL, Japan). The
precursors' thermal properties were examined using
Thermogravimetry-  Differential Temperature  Analysis
(TG/DTA, TGA-60, Shimadzu). Surface area analysis of the
NCAF samples was determined using N, adsorption-desorption
isotherm (Quantachrome Nova, Quantachrome Instruments,
USA).

2.2.7 NCAF Electrode Fabrication

NCAF electrodes were prepared by mixing the active
material with conductive additives and binders. The
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composition was as follows: 90 wt% NCAF, 3 wt% acetylene
black (AB), 2 wt% carboxymethyl cellulose (CMC), 3 wt%
styrene-butadiene rubber (SBR), and 2 wt% oxalic acid. The
components were mixed using a mortar and pestle to form a
slurry, which was then coated onto aluminum foil (200 ym thick)
using a doctor blade technique. The coated electrodes were
dried at room temperature for 24 hours, followed by vacuum
drying at 120°C for 12 hours. Commercial Graphite electrode
was used as the counter anode and provided by PT Batex Energi
Mandiri, Indonesia.

2.2.8 Battery Assembly

The negative-to-positive capacity ratio (N/P) was designed
in the range of 1.2-1.3 based on the theoretical capacity of
graphite (372 mAh/g) and the estimated practical capacity of
NCAF materials (200 mAh/g). The electrode loading was
adjusted accordingly to achieve the target N/P ratio, ensuring
optimal cell performance while maintaining an adequate lithium
reservoir in the graphite electrode and avoiding Li-plating(Mu
etal., 2022).

The dried NCAF cathode sheets were calendared to a
specific density using a roll press. Electrodes were cut into 5.6
cm wide strips using a slitting machine. Aluminum tabs were
ultrasonically welded to the cathode sheets. The cathode,
separator, and anode were assembled into a jellyroll structure
using a winding machine. The jellyroll was inserted into a
cylindrical casing with a nickel plate at the bottom serving as
the negative terminal. The casing was sealed using a pneumatic
welding technique. Electrolyte (1 M LiPF6 in EC: DMC, 1:1 v/v)
was injected into the cell in an argon-filled glove box (O. and
H.O < 0.1 ppm). The cells were finally sealed with a cap
containing a safety vent. The formation cell analysis was
performed using Arbin BT 1802, USA by employing a current of
10 mA/g at the voltage range of 2.5-4.25 V.

3. Results and Discussion
3.1 AFH Synthesis from Fly Ash Waste

AFH precursors are synthesized by recovering aluminum and
iron from fly ash through roasting (caustic fusion) and acid-
leaching processes. The fly ash undergoes leaching with 20%
sulfuric acid (H2SO4) and is then treated with sodium hydroxide
(NaOH). The sulfuric acid leaching process effectively isolates
Al;Os and Fe20s from the fly ash waste. Based on EDX data, Fly
ash waste contains 25.82% aluminum and 5.30% iron by weight.
The chemical reactions during the leaching process for isolating
Al and Fe using H.SO4 are shown in equation (1), followed by
the precipitation reaction with NaOH in equation (2) (Yudha,
Apriliyani, et al., 2022).

Al;O36+3H2SO4aq—Al2(SO4)3a9+3H200) (1)
Al(SO4)3(aq+6NaOH @ag—2A1(OH)3(5)+3NazSO4(aq) (2)

Meanwhile, the chemical reaction in isolating Fe is in equations
(3) and (4).

Fe203(5+3H2SO04(aq—Fe2(SO4)3aq+3H200) (3)
Fe2(SO4)3(aq+6NaOHaq—2Fe(OH)3(s)+3NazSOaaq) (4)

3.1.1 AFH XRD and FTIR analysis

Figure 1a presents the FTIR analysis of fly ash waste AFH
deposits, conducted across the wavenumber range of 4000-400
cm™!, identifying chemical bonds and functional groups in the
compounds. The spectrum shows several characteristic
absorption peaks: a band at 3415 cm™ corresponds to hydroxyl
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Fig. 1 (a) FTIR Spectra, (b) XRD pattern, and (c) TG/DTA curve of
AFH

group (-OH) vibrations from trapped water molecules in the
precipitate(Muzayanha et al., 2019). An absorption peak at 2340
cm™!is attributed to C-H stretching, while the peak at 1654 cm™
represents C=0 vibrational bonds. The absorption band at 986
cm™ is assigned to Al-O stretching vibrations, and the peak
below 697 cm™ corresponds to Fe-O stretching modes. The
presence of C=0 bonds associated with carbonate groups
confirms the reactions described in equations 2 and 4 (X. He et
al,, 2017). The XRD pattern shown in Figure 1b reveals
characteristic features of a poorly crystalline or semi-
amorphous material, consistent with mixed Al/Fe hydroxide
phases. The diffractogram is dominated by a broad, intense
peak centered in the region of 20-25° 26, which is typical of
poorly crystalline A[(OH)s and Fe(OH)s structures. This peak
broadness suggests small crystallite size and limited long-range
structural order, which is common in materials precipitated
from aqueous solutions. In the higher angle region (30-60° 26),
the pattern exhibits a gradual decrease in intensity with diffuse,
low-intensity peaks, further indicating the predominant
amorphous property of the sample (X. He et al., 2017). The noisy
character of the pattern and absence of sharp, well-defined
peaks is consistent with a material composed of co-precipitated
metal hydroxides, likely resulting from rapid precipitation
processes. This XRD analysis aligns well with the FTIR data
shown in Figure 1(a), where the presence of hydroxyl groups
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Fig. 2 Morphological and elemental analysis of AFH extracted
from fly ash: (a,b) SEM images at different magnifications (c) high-
magnification SEM image and EDX analysis area, and (d-f)
corresponding EDX elemental mapping showing distribution of Al,

Fe, and O elements.

Table 2
Atomic Composition of AFH Precipitates from Waste Fly Ash
Element Mass % Atom %
O 40.06+0.88 66.69+1.46
Al 12.77£0.22 15.74%0.22
Fe 26.89+1.63 10.35%0.79

and metal-oxygen bonds supports the formation of mixed
aluminum and iron hydroxide phases.

3.1.2 Morphological Characteristic Test Analysis (SEM)

SEM analysis (Scanning Electron Microscopy) is used to
analyze the surface morphology structure and particle size or
diameter of AFH precipitate. The morphological and elemental
analysis of the extracted AFH from fly ash can be observed in
Figure 2. Meanwhile, Table 2 displays the compositional
characteristics of AFH using EDX. Figure 2(a,b,c) shows
particles with irregular morphology but homogenous shapes
with wide particle size distribution. The elemental mapping
results (d-f) show the particles' successful homogenous O, Fe,
and Al distribution. The Al-K (magenta) and Fe-K (yellow) maps
demonstrate homogeneous elements, suggesting the formation
of mixed metal hydroxide phases rather than segregated single-
metal compounds. The O-K (red) mapping correlates well with
the metal distribution, confirming the hydroxide nature of the
material. This uniform distribution of Al and Fe is particularly
beneficial for their subsequent incorporation as dopants in the
cathode material synthesis.

3.2 Analysis of NC precursor (Nio.sC00.2C20a)
The structural characteristics of the synthesized NC

precursor were investigated through complementary analytical
techniques presented in Figure 3. The FTIR spectrum reveals
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Fig. 3 (a) FTIR Spectra, (b) XRD pattern, and (c) TG/DTA curve of
NC precursor

the successful formation of metal-oxalate coordination
complexes, evidenced by the characteristic vibrational modes
at specific wavenumbers (Nisa et al, 2022). The strong
absorption band at 3400 cm™ corresponds to the hydration
water molecules, while the well-defined peaks at 1620 cm™ and
1320 cm™ represent the C=0 and C-O stretching vibrations,
respectively. The presence of M-O vibrations in the lower
wavenumber region (500-800 cm™) confirms the successful
coordination between the metal cations and oxalate ligands,
demonstrating the effectiveness of the simple oxalate
precipitation route (Zeng & Zhang, 2020).

The X-ray diffraction analysis examines the precursor's
phase purity and crystallinity, which exhibits well-defined
diffraction peaks of nickel oxalate dihydrate or JCPDS card no.
00-025-0582 (Oh et al., 2016). The prominent (202) reflection at
20 = 18.5° and subsequent crystallographic planes demonstrate
the formation of a single-phase material without any detectable
impurities, even with the significant amount of Co in the sample.
The sharp diffraction peaks indicate the high crystallinity
achieved through the controlled precipitation process,
highlighting the efficiency of our synthetic approach in
producing high-quality precursor materials (Zhu et al., 2020).

Thermal analysis provides crucial insights into the
precursor's decomposition behavior and stability. The TG/DTA
profiles reveal a well-defined two-step decomposition process
with distinct thermal events at 230°C and 335°C. The initial
endothermic peak corresponds to the gradual removal of
crystalline water, while the sharp exothermic peak at 335°C
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Fig. 4 Morphological and elemental analysis of NC precursor: (a,b)
SEM images at different magnifications, and (c-f) corresponding
EDX elemental mapping showing the distribution of Ni, Co, C, and
O elements.

corresponds to the rapid decomposition of the anhydrous
oxalate species.

Nio.sC002C204-2H20 — NigsC002C204 + 2H,01 (5)
Nio8C002C204 — NiosC0020 + COT + CO21 (6)

The precise weight loss of 43.3% is well aligned with
theoretical calculations, confirming the stoichiometric
composition and phase purity of the precursor. This controlled
thermal behavior is particularly advantageous for subsequent
processing steps in cathode material synthesis(Zhu et al., 2020).

Figure 4 displays the morphological characteristics of NC
precursor. The SEM images demonstrate the formation of
uniform, well-defined polyhedral particles with sizes ranging
from 2-5 pm. The crystallites exhibit smooth surfaces and
distinct facets, indicating controlled crystal growth during the
precipitation process. The observed morphology suggests
optimal nucleation and growth kinetics achieved through our
simplified synthesis approach. Higher magnification images
further reveal the intricate layered structure of individual
particles, which is beneficial for subsequent thermal conversion
to the oxide phase.

The elemental distribution, mapped through EDX
analysis, confirms the remarkable homogeneity of the binary
metal system. The uniform distribution of Ni and Co,
maintaining the designed 4:1 ratio, indicates the effectiveness of

Int. J. Renew. Energy Dev 2025, 4(2), 245-254
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the co-precipitation strategy in achieving atomic-level mixing.
The consistent carbon and oxygen distribution correlates well
with the oxalate chemical structure. The absence of elemental
segregation or clustering demonstrates the excellent chemical
homogeneity achieved through this straightforward synthetic
route (Zeng & Zhang, 2020).

These comprehensive characterization results show the
successful synthesis of high-quality NiosC002C204-2H20
precursor through a simplified oxalate precipitation method.
The achieved phase purity, crystallinity, and compositional
homogeneity are excellent, considering the simplicity of the
synthesis process. These characteristics make the precursor
ideally suited for high-performance cathode materials, while the
simple synthetic approach offers significant advantages for
potential scale-up and industrial implementation (Nisa et al.,
2022).

3.3 Analysis of NCAF Cathode Material

3.3.1 Analysis of Crystal Structure Test (XRD)

X-ray diffraction analysis systematically investigated the
synthesized materials' phase structure and crystallinity. Figure
5a shows the XRD result of NCAF samples. All samples exhibit
well-defined diffraction patterns characteristic of the a-NaFeO2
structure (R-3m space group), which is also identical to NCA
(JCPDS 87-1562). Based on the lattice parameter analysis in
Table 3, all of the NCAF samples exhibit hexagonal and layered
oxide material. The sharp diffraction peaks across all samples
can be attributed to the high crystalline properties of the
samples. In Figure 5(b and c), The clear splitting of the
(006)/(012) and (018)/(110) peaks indicates the preservation of
the well-ordered layered structure up to 5% AFH incorporation.
The refined structural parameters in Table 3 show structural
changes with increasing AFH content. The intensity ratio
(1(003)/1(104)) decreases from 1.91 to 1.62, indicating increased
but still acceptable cation mixing, as values remain well above
the critical threshold of 1.2. The c/a ratio shows a gradual
increase from 4.93 to 4.99, reflecting the successful
incorporation of Fe3* ions into the layered structure (Yudha,
Hutama, et al, 2022). Crystallite size initially decreases from
73.8 nm to 55.72 nm at 5% AFH, suggesting that moderate
doping promotes finer crystallite formation. The systematic
increase in unit cell volume (381.98 to 393.26 A?) confirms the
effective incorporation of larger Fe3* ions while maintaining
structural integrity (H. Zhang et al., 2022). These structural
modifications demonstrate successful AFH doping while
preserving the fundamental layered oxide structure crucial for
electrochemical performance (Wang et al., 2023).

A notable structural evolution is observed with increasing
AFH content, particularly in NCAF7.5, where the emergence of
a weak reflection at 43-44° indicates the formation of a minor
LiFeO2 phase(Abdel-Ghany et al., 2012). This suggests that
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Fig. 5 XRD patterns of NCAF samples: (a) full and enlarged views of (b) (006)/(012) and (c) (018)/(110) peak regions
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Table 3
NCAF Samples Structural and Lattice Parameters
Sample I ratio c/a Crystallite Cell
size volume
(nm) (&%)
NCAF0 1.91 493 73.8 381.98
NCAF2.5 1.88 4.96 63.74 387.68.
NCAF5 1.72 4.98 55.72 390.21
NCAF7.5 1.62 4.99 62.32 393.26

while the layered structure can accommodate AFH doping up
to 5%, higher concentrations lead to phase impurity,
establishing an optimal doping range for maintaining structural
integrity (Ma et al, 2012). The systematic evolution of peak
positions and intensities with increasing AFH content, coupled
with the occurrence of the secondary phase at higher doping
levels, provides valuable insights into the structural limits of
AFH incorporation. This finding is particularly significant for
optimizing the waste utilization strategy, indicating that
moderate AFH doping (<5%) can be effectively achieved
without compromising the primary layered structure.

3.3.2 FTIR analysis

The FTIR spectra of the synthesized NCAF samples
displayed in Figure 6 show characteristic vibrational features of
the layered oxide structure. All compositions exhibit bands in
the low-frequency region (500-700 cm™) corresponding to
metal-oxygen (M-O) stretching vibrations, indicating the
formation of the desired oxide framework. A notable
observation across all samples is the presence of carbonate
(CO3%7) absorption bands around 1450-1500 cm™, suggesting
minor surface carbonate formation due to atmospheric
exposure, which is commonly observed in Ni-rich layered
oxides. The intensity of these carbonate bands remains
relatively constant across NCAF0 through NCAF5, but shows a
slight increase in NCAF7.5, potentially indicating enhanced
surface reactivity at higher AFH content. The absence of
significant hydroxyl (-OH) stretching bands in the 3000-3500
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Fig. 6 FTIR Spectra Results of NCAF0, NCAF2.5, NCAF5, and
NCAF?7.5 Materials
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cm™! region confirms the complete conversion of the precursors
to oxide phases during high-temperature synthesis (Yudha,
Hutama, et al., 2022).

3.3.3 Morphological Characterization and Element Analysis of
NCAF

The surface morphology and particle characteristics of the
NCAF samples were investigated using scanning electron
microscopy and presented in Figure 7, showing distinct changes
with increasing AFH content. The pristine NCAF0 sample
exhibits well-defined secondary particles with a characteristic
hierarchical structure composed of densely packed primary
particles, displaying a relatively uniform surface texture. Upon
incorporation of AFH, notable morphological modifications are
observed. NCAF2.5 maintains similar secondary particle shape
with smaller size (approximately 12 pm) but shows slightly
increased surface roughness compared to the pristine sample.
At 5% AFH incorporation (NCAF5), the particles demonstrate
enhanced surface porosity while maintaining the overall
secondary particle architecture, suggesting successful
integration of dopants without significant structural disruption.
However, NCAF7.5 shows clearer morphological changes with
increased agglomeration and irregular surface features,
consistent with the formation of the secondary phase observed
in XRD analysis. This evolution of particle morphology indicates
that while moderate AFH doping (<5%) can be accommodated
within the structure without significant morphological
deterioration, higher doping levels lead to notable changes in
particle characteristics.

Figure 8 and Table 4 display the surface area analysis
result. The nitrogen adsorption-desorption isotherms and
corresponding surface analysis reveal significant changes in the
surface characteristics with increasing AFH content. The
pristine NCAFO exhibits a type IV isotherm with an H3
hysteresis loop, characteristic of mesoporous materials,
showing the highest specific surface area (BET: 38.747 m?*/g,
BJH: 61.466 m?/g) among all samples. These values are
substantially higher than commercial NCA materials (typically
<5 m?/g), indicating a more exposed surface structure that
could lead to increased reactivity with the electrolyte (Thapa et
al., 2022). The decomposition of oxalates (NC precursor) during
the sintering can cause severe pore formation, resulting in a high
surface area. Upon initial AFH incorporation, NCAF2.5
maintains a similar isotherm shape but shows a slight decrease
in surface area (BET: 36.92 m?/g, BJH: 34.9 m?/g). However, a
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Table 4
Surface Area Analysis of NCAF samples
Surface Average
BET Surface BJH Pore
Samples (m?/g) (m%/g) (nm)
NCAFO0 38.747 61.466 8.73
NCAF2.5 36.92 349 8.64
NCAF5 6.52 4.25 9.73
NCAF7.5 9.52 1.67 13.62
120
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Fig. 8 N2 adsorption-desorption isotherms of NCAF samples with
different AFH content (0%, 2.5%, 5%, and 7.5%)

dramatic change is observed with higher AFH content, where
NCAF5 and NCAF7.5 show significantly reduced surface areas
(6.52 and 9.52 m?/g BET, respectively) and increasing average
pore sizes (9.73 and 13.62 nm, respectively) (Hu et al., 2020).
These phenomena indicate that the addition of AFH could
increase the binding effect, resulting in an agglomeration of the
sample.
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Surface characteristics, especially the surface area,
significantly affect electrochemical performance. NCAF0 and
NCAF2.5 show much higher surface areas than commercial
materials, which could potentially lead to accelerated surface
side reactions and capacity fading, the significant reduction in
surface area with higher AFH content (NCAF5 and NCAF?7.5)
brings these materials closer to commercial specifications (C.
Liu et al., 2018). This suggests that higher AFH doping may be
beneficial from a surface stability perspective, despite the
formation of secondary phases observed in XRD. The larger
pore sizes in heavily doped samples, coupled with reduced
surface area, might provide a better balance between electrolyte
accessibility and surface stability, more closely resembling the
characteristics that make commercial NCA materials successful
inlong-term applications (C. Liu ez al., 2018). EDX analysis result
in Table 5 confirms the successful incorporation of AFH as Al
and Fe dopants into the layered oxide structure of NCA. It is
used to identify the final composition of NCAF cathode material
presented in Table 6. The pristine NCAFO exhibits the designed
composition of LiNiosC00202, with Ni:Co ratio closely matching
the target wvalues (0.80:0.20). Upon AFH incorporation,
systematic compositional evolution is observed, yielding
LiNio.75C00.18Al0.03F€0.0402, LiNio.70Coo0.17Alo.0sFe0.080z, and
LiNio.ssCoo.16Alo.0sFeon.1002 for NCAF2.5, NCAF5, and NCAF7.5,
respectively. The progressive decrease in Ni and Co content
corresponds well with the increasing Al and Fe substitution.

3.3.4 Electrochemical Performance Analysis of NCAF in full-
cylindrical cell

dQ/dV analysis of NCAF sample in full Li-ion battery cells
is investigated to understand the effect of AFH composition
towards the electrochemical behavior of the cell. Figure 9
presents a dQ/dV plot which characterizes the reduction and
oxidation (redox) behavior of the NCAF/graphite full cells
during the formation step or in the first cycle, using a DC current
density of 10 mA/g. The pristine NCAFO0 shows typical NCA-

Table 5
Atomic Composition of NCAF Materials
NCAF0 NCAF2.5 NCAF2.5 NCAF7.5
Atom
mol mass mol mass mol mass mol mass
Ni 0.357 0.605 0.331 0.562 0.308 0.523 0.287 0.487
Co 0.101 0.171 0.093 0.159 0.087 0.148 0.081 0.138
Al 0.000 0.000 0.026 0.020 0.049 0.038 0.071 0.055
Fe 0.000 0.000 0.019 0.031 0.036 0.058 0.052 0.084
0] 0.542 0.224 0.531 0.228 0.520 0.233 0.509 0.236
Total 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Table 6
Estimated Product composition
Sample Ni Co Al Fe Compound
NCAFO0 0.799 0.201 0 0 LiNio.sC00.202
NCAF2.5 0.747 0.187 0.0275 0.038 LiNio.75Co0.18Al0.0sF€0.0402
NCAF5 0.699 0.176 0.0526 0.073 LiNio.70C00.17Alo.05F€0.080
NCAF7.5 0.656 0.165 0.0754 0.105 LiNio.66C00.16Alo.0sFe0.1002
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Fig. 9 dQ/dV plot of NCAF samples in a full cylindrical cell during
the formation step

graphite electrochemical features with a primary oxidation peak
at ~4.0V and reduction peak at ~3.7V, corresponding to the
Ni2*/Ni**/Ni** redox couples overlapped with graphite
deintercalation/intercalation processes (Pathan et al, 2019).
Upon AFH incorporation, observable changes in the redox
profiles are observed. NCAF2.5 maintains similar peak positions
but shows slightly broadened peaks, indicating modified
reaction kinetics with initial doping (Hashem ez al, 2019).
NCAF5 and NCAF7.5 exhibit additional redox features around
2.5-3.0V and clear cathodic peak splitting at 3.7-3.9 V, likely
associated with electrolyte decomposition and Fe®**/Fe** redox
activity at higher AFH content. The peak intensity gradually
decreases with increasing AFH content from 5% to 7.5%; with
higher AFH content, the Ni content is reduced, affecting the
overall capacity. Notably, the well-maintained peak separation
across all compositions suggests moderate AFH doping
preserves the fundamental redox mechanisms while
successfully incorporating additional electrochemically active
Fe species (Park et al., 2020).

The initial charge-discharge profiles in Figure 10 show
distinct electrochemical behaviors across the NCAF series in
full-cell configuration. NCAFO shows a typical voltage profile of
Ni-rich cathodes paired with graphite, delivering a specific
capacity of ~110 mAh/g with a smooth voltage slope.
Interestingly, the AFH-doped samples demonstrate enhanced
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Fig. 10 Charge and Discharge Curve of NCAF samples in a full
cylindrical cell during the formation step
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capacity, with NCAF2.5, NCAF5, and NCAF7.5 achieving ~127,
~155, and ~111 mAh/g, respectively. This trend correlates well
with the dQ/dV analysis, where the emergence of additional
redox features around 3.0V in doped samples, particularly
visible in NCAF5 and NCAF7.5, contributes to the increased
capacity through iron doping(Nurohmah et al., 2021).

The voltage profiles also show characteristic plateaus
corresponding to the significant redox peaks observed in
dQ/dV plots. The main plateau around 3.7-4.0V represents the
Ni?*/Ni**/Ni** reactions, which becomes less clear with
increasing AFH content, consistent with the decreasing Ni
content confirmed by EDX. NCAF5 exhibits the most balanced
profile with optimal capacity, suggesting that moderate AFH
doping enhances electrochemical performance through
synergistic effects of Al stabilization and Fe redox contribution.
In contrast, excessive doping in NCAF7.5 leads to capacity
decrease, likely due to the formation of the LiFeO2 phase
observed in XRD. Based on this data, the estimated reaction
during the initial charge and discharge can be expressed in the
equations below.

Charging step:

LiNio 8xyCo0.2--AlyFe.O; —

Li1-sNios.xyC00.2--AlyFe.02 + SLi* + &e (7)
6C + xLi* + xe- — LixCs (8)
Discharging step:

LixCe — 6C + xLi* + xe 9)
Lii-sNio.g-xyC00.2-AlyFe,02 + SLi* + §e” —
LiNiO.S-x-yCOOA2-zAlyFezOZ ( 1 O)

Whereas 6 is the actual reversible Li which represents the actual
capacity of NCAF.

4. Conclusion

This study demonstrates a novel approach for high-nickel

cathode material development through the successful

incorporation of coal fly ash waste-derived Al/Fe hydroxides

(AFH) during the synthesis of lithium nickel cobalt aluminum

iron oxide (NCAF). The characterization of samples prepared at

various AFH compositions confirms:

e The formation of high-purity materials within the o-
NaFeO2 structure (R-3m space group) up to 5% AFH
content, while higher doping leads to LiFeO2 phase
formation. The decrease in Ij03)/ 1104 ratio (1.91 to 1.62)
and increase in cell volume (381.98 to 393.26 A?) verify
effective dopant incorporation while maintaining
structural integrity.

e The surface area decreased from 38.747 m?/g to 6.52
m?/g with increasing AFH content which approaches
commercial-grade specifications, suggesting optimized
particle characteristics.

e The compositional transition from LiNigsCo0020: to
LiNioesCoo.16Alo0sFe01002 maintains uniform elemental
distribution,

e The optimal specific capacity for NCAF is at 5% AFH
composition (~155 mAh/g), attributed to synergistic Al
stabilization and Fe redox contribution.

These findings establish a viable pathway for valorizing

industrial waste in high-performance battery materials,

effectively combining technological advancement with
environmental concerns. Material enhancement through
process parameter optimization, i.e. Sintering temperature and
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time and mixing time, is crucial for future investigation. In
addition, Life cycle analysis (LCA) of fly ash utilization for
NCAF is also important to assure the sustainability level before
industrial scale implementation.
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