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The object of this study was LiFePO,/C cath-
ode material synthesized using a ferronickel-de-
rived FePO, precursor, with the main focus is
the effect of carbon addition on phase formation
and electrochemical performance. The problem
was how carbon addition affects olivine LiFePO,
phase formation, impurity suppression, micro-
structure, and electrochemical performance when
a non-commercial ferronickel-derived iron pre-
cursor is used. The precursor was mixed with
LiOH as a lithium source and varying amounts of
carbon from Super P: 5wt.%, 7 wt.%, and 9 wt.%.
Carbon addition influenced the formation of oliv-
ine LiFePO, At 7 wt.% LFP/C, the diffraction
pattern was dominated by the LiFePO, phase,
around 99.60% based on Rietveld refinement. The
absence of detectable Ni by EDX suggests that Ni
carryover from the ferronickel-derived precur-
sor was minimized. The results suggest that fer-
ronickel-derived FePO, can be used as a precur-
sor for LiFePO,/C synthesis, and carbon addition
promotes phase development with 7 wt.% as the
optimum composition. The results can be practi-
cally used as a basis for developing value-added
LiFePO,/C cathode materials from ferronickel-de-
rived iron resources under controlled synthesis
conditions, particularly when the FePO, precur-
sor purity is maintained, Super P carbon is used
in the range of 5-9 wt.%, and the material is pro-
cessed by ball milling, preheating at 300°C, and
calcination at 650°C under an argon atmosphere.
The 7 wt.% LFP/C sample had a specific capacity
of 140 mAh g™! at 0.1 C, but electrochemical per-
formance still requires optimization due to parti-
cle interconnection and agglomeration. EIS data
show that 7 wt.% carbon is the most favorable
composition in terms of charge-transfer resistance
(34.91 Q) and conductivity (2.79 X 10 S/cm),
while 9wt.% carbon provided the best
lithium-ion diffusion characteristics
(1.96 x 1073 cm? s71). These results indicate that
ferronickel-derived iron resources have strong
potential to be converted into value-added battery
cathode materials
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1. Introduction

Lithium iron phosphate (LiFePO,4, LFP) is known as one
of the critical cathode materials for lithium-ion batteries due
to its high thermal stability, long cycle life, inherent safety,
and low cost. Special attention is devoted to achieving higher
power and energy densities, along with enhancing safety and
reducing cost [1]. LiFePOy is of great interest due to its fast-
charging capability and high stability regarding its thermal
resistance and chemical reactivity [2]. These properties make
LFP attractive for electric vehicle (EV) and stationary energy
storage, even though its practical performance is strongly
dependent on precursor quality, electronic conductivity (EC),
and synthesis route. Since the cathode serves as a central
component of LIBs, the overall cell performance is signifi-
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cantly affected by the chemical and physical properties of the
cathode [3].

Despite these advantages, the practical application is limited
by the material’s intrinsically low electronic conductivity and
lithium-ion diffusion coefficient, which restrict its rate capabil-
ity [4]. The low conductivity of lithium iron phosphate and the
slow diffusion rate of lithium ions also restricted the develop-
ment of lithium iron phosphate in the power battery industry [5].

The quality of the Fe precursor is particularly important
because it can influence phase formation, particle growth,
impurity behavior, and the final electrochemical perfor-
mance of LiFePO,/C. Several alternative Fe-based precur-
sors have been explored for LFP/C synthesis. For example
is LiFePO4/C composites synthesized using Fe-P waste slag
from the industrial production of yellow phosphorus with




an initial discharge capacity of 150 mAh/g at 0.1 C [6]. It
is also reported that the synthesis of LFP/C from cold roll
Fe,0; showed an initial discharge capacity of 163 mAh/g
at 0.1 C [7]. These studies show that non-commercial Fe
sources can be converted into LFP/C cathode materials,
although their performance remains highly dependent on
precursor purity, synthesis route, and carbon modification.

For Indonesia, this direction is especially relevant from both
scientific and industrial perspectives. Recent analyses of Indo-
nesia’s nickel downstreaming pathway show that the country
has made major progress in processing nickel domestically, but
the transition from lower-value downstream products toward
more advanced battery materials remains uneven [8]. At pres-
ent, downstream success has been stronger in stainless steel-ori-
ented pathways than in higher-value battery-material chains,
which means that converting domestic ferronickel-related re-
sources into battery precursor materials could contribute to val-
ue addition and broader participation in battery supply chains.
From this perspective, developing FePO, and LFP from fer-
ronickel-derived local content is not only a materials synthesis
problem but also part of a wider resource valorization strategy.

Therefore, studies that are devoted to understanding the
effect of carbon addition on the synthesis of LiFePO,/C from
a non-commercial ferronickel-derived FePO, precursor are
of scientific relevance. The use of ferronickel-derived FePO,
provides an opportunity to explore the utilization of ferron-
ickel-related materials in LiFePO, production.

2. Literature review and problem statement

Among the many factors that control lithium iron phos-
phate quality, the properties of the FePO, precursor are
crucial. The characteristics of iron phosphate precursors
strongly influence the performance of LiFePO, cathodes [9].
Similarly, LiFePO,/C synthesized from monoclinic FePO,
exhibited a well-developed carbon-coated structure, uni-
formly distributed primary particles, high crystallinity, and
excellent electrochemical performance [10]. The FePO, route
is one of the most controllable and promising methods for
LiFePO, synthesis. In the preparation of lithium iron phos-
phate by carbothermic reduction, iron phosphate (FePOy,)
as one of the raw materials is closely related to the electro-
chemical performance of lithium iron phosphate, and its
particle agglomeration, morphology, crystallinity, and other
characteristics will affect lithium iron phosphate [11]. There
is an unresolved issue regarding how non-commercial FePO,
derived from metallurgical resources behaves during con-
version into LiFePO,/C, because most reported preparation
routes still rely on chemical reagents or commercial precur-
sors, and only a limited number of studies have considered
ferronickel-derived iron resources as FePO, precursors.

Increasing the added value of iron and mineral resourc-
es is important for Indonesia. The converted Fe recovered
from laterite nickel tailings into battery-grade FePO, and
subsequently synthesized high-performance LiFePO, was
reported [12]. A related study, iron obtained from laterite
nickel ore was used to prepare LiFePO,/C [13]. This study
is relevant because it shows the possibility of using nick-
el-related mineral resources for cathode material synthesis.
Although their work used laterite-derived Fe,O;, but not
ferronickel-derived FePO,. Therefore, it is still necessary to
study ferronickel-derived FePO, as an alternative precursor
for LiFePO,/C cathode materials.

In addition to precursor quality, carbon addition is also
important in LiFePO,4/C synthesis. Carbon coating has been re-
ported to improve the electronic conductivity and electrochem-
ical performance of LiFePO, cathodes [14]. However, its effect
is not always the same because it depends on the precursor,
carbon source, and synthesis condition. The characteristics of
FePO, precursors also affect the phase formation and electro-
chemical performance of LiFePO,/C [15]. However, their study
used controlled FePO, precursors, while FePO, obtained from
ferronickel may have different characteristics. Carbon content
and carbonization temperature influence the quality of carbon
coating and the performance of LiFePO,/C [16]. However, the
suitable carbon content may be different when a ferronickel-de-
rived FePO, precursor is used. The impurities in FePO,4 raw ma-
terials can affect the structure and electrochemical properties of
LiFePO, cathodes. Mn?* doping leads to a significant decline
in the rate performance of LFP [17]. This is important because
ferronickel-derived FePO, may carry impurity risks, especially
from Ni, Mn, and Co.

FePO, precursor quality, impurity control, and carbon
addition are important factors in LiFePO,/C synthesis.
However, the conversion of ferronickel-derived FePO, into
LiFePO,/C has not been clearly discussed, especially in
relation to phase formation, elemental purity, particle mor-
phology, and electrochemical performance. This gap may
occur because ferronickel-derived solutions contain more
than one metal ion, so Fe separation, impurity control, and
carbon optimization become more difficult. Therefore, it
is necessary to study the effect of carbon addition on the
phase formation, impurity behavior, microstructure, and
electrochemical performance of LiFePO,/C synthesized from
ferronickel-derived FePOy,.

3. The aim and objectives of the study

The aim of the study is to identifying the effect of carbon
addition on the phase formation, impurity behavior, micro-
structural characteristics, and electrochemical performance
of LiFePO,/C synthesized from a ferronickel-derived FePO,
precursor. This will make it possible to find the optimum
carbon content and makes ferronickel-derived FePO, a viable
alternative for battery cathode materials.

To achieve this aim, the following objectives were accom-
plished:

-to evaluate the effect of carbon addition on olivine
LiFePO, phase formation and secondary phase development;

- to investigate the effect of carbon addition on the micro-
structural characteristics of LiFePO,/C materials;

- to evaluate the surface area, total pore volume, and aver-
age diameter pore based on N, adsorption-desorption analysis;

- toevaluate the electrochemical performance of LiFePO,/C
cathodes using CV, EIS, and galvanostatic charge-discharge
tests to achieve the optimum carbon content.

4. Materials and methods

The object of this study was LiFePO,/C cathode material
synthesized using a ferronickel-derived FePO, precursor,
with the main focus is the effect of carbon addition on
phase formation and electrochemical performance. The main
hypothesis of this study was that iron dissolved from ferron-
ickel can be converted into FePO, and subsequently used as a



precursor for LiFePO,/C synthesis, while carbon addition af-
fects phase formation, impurity behavior, and microstructural
characteristics of the final product. This study assumed that Fe
recovered from ferronickel after electrodissolution (Fig. 1, a)
and precipitation (Fig. 1, b) could act as the main Fe source
for FePO, formation (Fig 1, ¢). For simplification, the effects of
carbon addition were evaluated mainly through phase forma-
tion, elemental distribution, and electrochemical performance.

Ferronickel from Southeast Sulawesi [18, 19], Indonesia,
was used as the iron source for preparing the FePO, precur-
sor. Lithium hydroxide (LiOH) and ethanol were purchased
from Merck, while Super P, PVDF, NMP, lithium foil, separa-
tor, Al foil, spacer, spring, and CR2032 coin-cell cases were
purchased from Sigma-Aldrich.

FePO, precipitate was prepared from an electrolyte (Fig. 1, a)
with dissolved metal ions produced by electrodissolving ferron-
ickel. Hydrochloric acid served as the electrolyte, as described in
earlier studies on ferronickel electrolysis [18, 19]. After precipi-
tation, the FePO, was dried at 105°C for 4 hours (Fig. 1, b) and
then sintered at 500°C for 3 hours in MTI KSL-1200X furnace
to remove both adsorbed and structural water (Fig. 1, ¢). This
process produced a stable, anhydrous FePO, precursor suitable
for later LiFePO,/C synthesis.

Fig. 1. FePO, preparation: a — electrolyte with dissolved
metal; b — dried FePQy; ¢ — sintered FePO,

LiFePO,/C was prepared by mixing ferronickel-derived
FePO, with LiOH as the lithium source, using 5% excess
LiOH to compensate for lithium loss during heat treatment.
The main experimental variable was the amount of carbon
added during LiFePO,/C synthesis. The carbon addition
variables are 5wt.%, 7wt.%, and 9 wt.%. The precursor
mixture was planetary ball-milled at 300 rpm for 2 h using
Deco 400-800-4256. After ball mill, the sample preheated
at 300°C for 3 h, and subsequently calcined at 650°C for
10 h to obtain olivine LiFePO,/C (Fig. 2) using tube furnace
MTI OFT-1200X. The heat treatment was carried out under
an argon atmosphere. The product was then naturally cooled
to room temperature and ground up to 400 mesh before
characterization.

The synthesized LiFePO,/C samples (Fig. 2) were char-
acterized using several analytical techniques. The crystal
structure was analyzed by X-ray diffraction (XRD, PANalyt-
ical X’Pert Pro), while the morphology and elemental distri-
bution were examined using scanning electron microscopy
equipped with energy-dispersive X-ray spectroscopy. A
mixture of LiFePO,/C, Super P conductive additive, and
polyvinylidene fluoride (PVDF) binder in N-methyl-2-py-
rolidone (NMP) at an 80:10:10 weight ratio formed the
cathode slurry. The slurry was homogenized and coated
onto aluminum foil using the doctor blade technique. After
drying at 60°C for 2 hours, the coated foil was pressed to

enhance wettability and electrical contact, then punched
into circular disks.

Fig. 2. Powder of synthesized LiFePO4/C

CR2032 coin cells were assembled in an argon-filled
glovebox, with the prepared electrode as the working elec-
trode. Lithium metal foil served as the counter and reference
electrode, and a microporous polypropylene membrane as the
separator and LiPFg as electrolyte.

The electrochemical properties of the synthesized
LiFePO,/C were evaluated by Wonatech cyclic voltamme-
try (CV), Hioki electrochemical impedance spectrosco-
py (EIS), and Neware galvanostatic charge-discharge (GCD)
test. CR2032 coin cells were assembled with lithium metal as
the counter/reference electrode, a microporous separator, and
1 M LiPFs in EC/DMC as the electrolyte. CV measurements
were performed in the voltage range of 2.0-4.5 V at a scan
rate of 0.1 mV s~!. EIS was carried out over the frequency
range of 0.1 Hz to 50 kHz with an applied amplitude of 5 mV.
GCD measurements were conducted at various rates of 0.1C,
0.2C, 0.5C, 1C, and 2C to evaluate the specific capacity and
rate capability of the LiFePO,/C electrodes.

5. Results of LiFePO,/C synthesis and battery assembly
with different carbon contents

5.1. Effect of carbon addition on olivine LiFePO,
phase formation

Fig. 3 shows the XRD patterns of LiFePO,/C samples pre-
pared with different carbon contents of 5, 7, and 9 wt.%. The
samples were synthesized from ferronickel-derived FePO,
and heat-treated by preheating at 300°C for 3 h followed by
calcination at 650°C for 10 h. The XRD patterns show the for-
mation of LiFePO, derived from a FePO, precursor. Although
LiFePO,/C is formed as the major phase in all compositions,
the secondary phases were also detected in the sample with
different carbon content. This indicates that the carbon con-
tent affected to the phase formation of olivine LiFePO,/C.

The diffraction pattern of the 5wt.% carbon sample dis-
plays the crystalline LiFePO, olivine reflections, suggesting
the FePO, reacted with lithium source during heat treatment.
However, additional reflections corresponding to LiFe,P,0;
were still observed, showing that the transformation into
single-phase LiFePO, was incomplete. Based on Rietveld
refinement, the sample with a 5wt.% carbon composition
had a phase purity of 93.10%, indicating a predominantly
single-phase material with a minor secondary phase. This
result suggests that 5 wt.% carbon was insufficient to provide
a favorable reaction environment for complete phase trans-
formation during heat treatment. Fig. 4 shows the enlarged
X-ray diffraction patterns highlighting secondary phosphate
phases in LiFePO,/C.
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Fig. 3. X-ray diffraction patterns of LiFePO,/C samples prepared with different carbon contents of 5, 7, and 9 wt.% from
ferronickel-derived FePQ, after preheating at 300°C for 3 h and calcination at 650°C for 10 h
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Fig. 4. Enlarged X-ray diffraction patterns highlighting secondary phosphate phases in LiFePO,4/C samples prepared with
different carbon contents: a — 20 = 16°—22°; b — 26 = 25°—34.5°

The 7 wt.% carbon addition sample showed a LiFePO,
diffraction pattern most similar to commercial LiFePOy,,
with the main reflections of LFP/C and no secondary phase
peaks. Based on Rietveld refinement, the 7 wt.% carbon
sample has the highest phase purity of 99.60%, while the
9 wt.% carbon sample has a lower phase purity of 80.40%.
The 7 wt.% sample indicates complete phase formation, and
the carbon addition supports optimal carbon content for
LiFePO, formation under current conditions. The carbon
content at this level supports a complete reaction mode of
the ferronickel-derived FePO, precursor phase with LiOH,
maintaining optimal ratios in reaction balance over thermal
treatment. The higher phase purity at 7 wt.% C suggest that
proper carbon content can helps provide reaction environ-

ment, allowing the precursor to convert to the olivine
LiFePO, structure more efficiently [9]. Fig. 4 highlights
the secondary phases formed during LiFePO, synthesis.
In the 5wt.% carbon sample, secondary LiFeP,0, peaks
were observed at 26 = 17.38° and 30.03°. In the 9 wt.% car-
bon sample, LiFeP,0, was detected at 26 = 17.35°, while
LisFe,(PO,4); was observed at 26 = 30.03°.

5. 2. Microstructural characteristics and Energy
Dispersive of X-ray Spectroscopy analysis

SEM images in Fig. 5 reveal the differences in par-
ticle aggregation and surface morphology among the
LiFePO,/C samples with different carbon contents. The
5wt.% carbon sample consisted of large and compact



agglomerates with interconnected particles, dense pack-
ing, and relatively smooth surfaces (Fig. 5, @). This mor-
phology suggests that the carbon level was insufficient
to effectively suppress particle coalescence during heat
treatment.

Fig. 5. Scanning electron microscope (SEM) images
of LiFePO,4/C with different carbon contents and
magnifications: a — 5wt.%; b— 7 wt.%; ¢ — 9 wt. %,
observed at 10,000x magnifications

i J

Low carbon content was unable prevent the particles
from agglomeration in the calcination step [20]. Such agglom-
erated particles are expected to have worse electrochemical
performance. As a consequence, the active particles became
closely packed, which is unfavorable for electrolyte penetra-
tion and lithium-ion transport [21].

A compact morphology disrupts a continuous conductive
network, reducing electrochemical utilization. The 7 wt.%
carbon sample (Fig. 5, b) exhibited a less compact aggregate
structure than the 5wt.% sample, with more open inter-
particle spaces and a rougher surface texture. Although ag-
glomeration was still observed, the particles appeared more
evenly arranged, suggesting a better balance between particle
connectivity and structural accessibility [13].

The morphology suggests that carbon distribution may
not be fully uniform, which could affect interparticle elec-
tronic contact. The 9 wt.% (Fig. 5, ¢) carbon sample exhibits
a finer, fragmented morphology and less compact particle
packing. Compared with the 5 wt.% sample, the structure ap-
pears more porous and more accessible. However, excessive
carbon may also reduce effective interfacial contact between
LiFePO, particles and the electron-transporting network if
carbon distribution becomes non-uniform and segregates.

Fig. 6 shows the EDX mapping for Fe (green), P (yellow)
and O (red) on the LiFePO,/C. The mapping results show that
Fe, P, and O are distributed throughout the particle regions
for all samples, indicating the formation of phosphate-based
particles with relatively homogeneous elemental distribution.
This indicates that the constituent elements were relatively
homogeneously distributed after LiFePO,/C synthesis.

Fig. 6. Energy-dispersive X-ray spectroscopy (EDS) elemental mapping of LiFePO,/C with different carbon contents:
a—d—5wt.% carbon; e—h— 7 wt.% carbon; —/— 9 wt.% carbon correspond to the distribution of all detected elements,
Fe, P, and O, respectively



Fig. 6, a1, show with various carbon contents, there is no
segregation of Fe, P, and O. All samples exhibit the presence
of Fe, P, and O, indicating the formation of phosphate-based
materials. The elements are well distributed to the particles,
even from the Morphology in Fig. 5 shows that the particles
agglomerate. This indicates that the variation in carbon con-
tent did not strongly affect the spatial distribution of the main
constituent elements.

Fig. 7 presents the EDX spectra of the LiFePO,/C samples.
The detected elements were mainly Fe, P, and O, with rela-
tive atomic ratios varying depending on carbon content. No
additional elements were detected within the detection limit
of EDX analysis. The Fe:P ratios were approximately 1:0.87,
1:0.92, and 1:0.99 for the 5, 7, and 9 wt.% carbon samples,
respectively. The Fe:P ratio became closer to the nominal
stoichiometric ratio with increasing carbon content, although
EDX provides only semi-quantitative elemental information.

Based on Fig. 7, a-c, the detected elements were main-
ly Fe, P, and O, and C with relative atomic ratios varying
depending on the carbon content. There is a peak of C that
relates to the carbon content, because the peak increases with
increasing carbon content. The P peak also increases with
increasing carbon content. This relates to the EDX result,
which shows that the sample with 9 wt.% (Fig. 7, ¢) has a
higher stoichiometric Fe:P ratio that is 1:0.99.
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5. 3. Surface area, total pore volume, and average di-
ameter pore based on N, adsorption-desorption analysis

The N, adsorption-desorption isotherms of LFP/C sam-
ples with varying carbon contents (5, 7, and 9 wt.%) and the
LFP commercial material are presented in Fig. 8. All samples
exhibit mesoporous behavior, with adsorption volume rising
gradually at low pressure and sharply near P / Py = 1.0.

Fig. 8 shows that the 9 wt.% carbon sample has the highest
nitrogen adsorbed volume among the samples. This means
that the 9 wt.% carbon sample has higher accessible porosity
than the other samples. The 7 wt.% carbon sample shows a
lower nitrogen adsorbed volume than the 9 wt.% sample, while
the 5 wt.% carbon sample shows the lowest nitrogen adsorbed
volume. This result is related to the SEM morphology in
Fig. 5, a, where the 5 wt.% sample appears more agglomerated
and compacted. This compact structure can reduce the acces-
sible pores and lower the nitrogen adsorption volume.

The commercial sample has the highest adsorption volume,
a surface area of 6.888 m?/g, and the largest pore volume (Ta-
ble 1). Among the synthesized materials, adsorption uptake
increases with increasing carbon content, which is9wt.%,
7 wt.%, and 5 wt.% in sequence. Although higher carbon content
increased the adsorption uptake and BET surface area, the elec-
trochemical results show that textural improvement alone was
insufficient to guarantee superior cathode performance.

Bk -
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Fig. 7. Energy dispersive of X-ray spectroscopy mapping intensity of LiFePO,4/C with various carbon content
a—5wt. %, b—7Twt.%,;, c—9wt.%
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Fig. 8. The gas adsorption isotherms of the commercial and ferronickel-derived LiFePO,/C samples prepared with different
carbon contents

Table 1

Textural properties of LFP /C samples and LFP commercial
obtained from N, adsorption-desorption analysis

5. 4. Electrochemical performance of LiFePO,/C
cathodes
The electrochemical impedance spectroscopy re-

Carbon content sults (Fig. 9) show a strong carbon content influence
Sample 5Wt% 7Wt% 9 Wt.% Commercial on the charge-transfer and ion-diffusion behavior of
BET surface LiFePO,/C samples.
area (m2/g) 3.651 4513 5.913 6.888 Fig. 9 shows the Nyquist plots of LiFePO,/C samples
Total pore 0.007256 0.009687 0.01081 0.01366 with different carbon contents. The 5wt.% carbon sample
volume (cm®/g) | ) ) ' has the highest impedance, marked by large Z' and —Z"
Average pore values, indicating high charge-transfer resistance and poor
. 7.95 8.59 7.31 7.93 . . .
diameter (nm) electronic conduction. The 7 wt.% sample shows interme-
Pore Category | Mesoporous | Mesoporous | Mesoporous | Mesoporous diate impedance, between the 5 wt.% and 9 wt.% samples.

The 9 wt.% C sample, with a surface area
of 5.913 m?/g, has the highest adsorption up-
take (Fig. 7), indicating improved pore acces-
sibility and textural development. However, its
electrochemical performance did not improve
proportionally, possibly due to non-uniform
carbon distribution or less effective electronic
contact.

The 7wt% sample had a BET surface
area of 4.513 m?/g and total pore volume of
0.009687 cm?/g, both higher than those of the
5 wt.% sample. It also exhibited the largest average
pore diameter of approximately 8.59 nm, suggest-
ing a more open mesoporous structure that may
facilitate electrolyte penetration and Li* trans-
port. In contrast, the 5 wt.% sample had the lowest
surface area of 3.651 m?/g and total pore volume
of 0.007256 cm3/g, indicating a relatively compact
structure with limited accessible porosity. The
average pore diameter (~7.95 nm) falls within the
mesoporous range, suggesting that mesopores are
present but their volume is limited. This compact
morphology may restrict electrolyte penetration
and Li* transport, potentially leading to lower
electrochemical utilization.
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Fig. 9. Electrochemical impedance spectroscopy (EIS) Nyquist plots of
different carbon content LiFePQ,/C cathode materials
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Although the 9 wt.% carbon sample
shows the lowest impedance, this is not 0.00015
corresponding to the best overall elec-
trode performance, because its phase 0.00010 4
purity is lower than that of the 7 wt.%
carbon sample. The lower impedance of 0.00005 -
the 9 wt.% sample may be related to the
higher carbon content, which improves g 0.00000 4
conductivity. However, the 7 wt.% carbon 2
sample provides a better balance between < 5 0005 4
phase purity and electrochemical resis-
tance. From Table 2, samples with 7 wt.% -0.00010 -
carbon exhibit the lowest charge-transfer
resistance (34.91 Q), the most favorable -0.00015 -
interfacial charge-transfer kinetics, and
the highest conductivity (2.79 x 10~%). -0.00020 -

This suggests that 7 wt.% carbon provides .

—— LFP 5% C
—— LFP 7% C
—— LFP 9% C

the most effective conductive network for 20
electron transport.

In contrast, the 9 wt.% carbon sam-
ple shows the highest charge-transfer
resistance (114.21 Q) and the lowest con-
ductivity (8.5 x 10~°), indicating less
favorable charge-transfer characteristics due to its higher
carbon content. The 5 wt.% carbon sample has the lowest
diffusion coefficient (2.44 x 10~'#) and the highest War-
burg coefficient (178.72), confirming difficult ion trans-
port.

2.5 3.0 3.5 4.0 4.5
Voltase (V)

Fig. 10. Cyclic voltammetry (CV) curves of different carbon content LiFePO,/C
cathode materials measured in the voltage range of 2.0—4.5 V vs. Li/Li*

The 5% carbon sample appears constrained by a lack
of conductive support, whereas the 9 wt. % carbon sample
shows the lowest peak current, which is attributed to the
combined effects of excessive carbon and the formation of
a secondary phase. These results confirm that optimizing,
rather than maximizing, carbon content is essential for
achieving balanced phase formation and electrochemical
kinetics in ferronickel-derived LiFePO,/C.

Fig. 11 shows the rate capability of ferronickel-derived
LiFePO,/C samples with varying carbon content. The 7 wt.%
carbon sample shows the highest specific capacity, reaching
about 140 mAh g1, followed by the 9 wt.% with 113 mAh g
and the 5 wt.% with 68 mAh g—. The 7 wt.% carbon sample had
a higher capacity than the other samples at all rate stages, due
to superior electrochemical utilization and better rate capability.

Voltage: 2.0-4.5V

Table 2
The EIS result analysis
Carbon content
Sample
5wt.% 7 wt.% 9 wt.%
Ret (Q) 68.80 34.91 114.21
D Li*(cm?s~1) 2.44 x 10| 8.20 x 10 [ 1.96 x 1013
Warburg coefficient (Q s /2) 178.72 97.62 63.07
Conductivity (S/cm) 1.42x 10* | 2.79 x 10* | 8.50 X 10
The CV results in Fig. 10 in- 160
dicate that the electrochemical 0.1C

reversibility and redox Kkinet-
ics of LiFePO,4/C were strongly
affected by carbon content. The
7wt.% carbon sample exhibited
the highest peak current, indi-
cating enhanced electrochemical
activity and improved redox Kki-
netics. The peak separation (Aep)
values were estimated to be ap-
proximately 0.27 V, approximately
0.27 V, and approximately 0.24 V
for the 5 wt.%, 7 wt.%, and 9 wt.%
samples, respectively. At 7 wt.%,
the anodic peak is 3.57 V and the
cathodic peak is 3.30V, with a
AEp of approximately 0.27. The
peak separation (Aep) of 0.27 V for
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Fig. 11. Rate capability performance of LiFePO,4/C cathode materials with different

carbon contents at various C-rates in the voltage range of 2.0—4.5V



The 9 wt.% sample falls in the middle, while the 5 wt.% sam-
ple delivers the lowest capacity, likely due to insufficient con-
ductivity and compact particle morphology. The 7 wt.% sample
recovers most, balancing charge-transfer kinetics, conductivity,
and lithium-ion transport. CV and EIS analyses confirm this,
showing the 7 wt.% sample with the highest peak current, low-
est charge-transfer resistance, and highest conductivity.

6. Discussion the effect of carbon addition on LiFePO,
phase formation from Ferronickel-derived FePO,

The results obtained in this study can be explained by
the combined effect of carbon content on phase formation,
particle morphology, and charge-transfer behavior. As shown
in Fig. 3, 4, the XRD results show that phase purity depended
on carbon content. The 7 wt.% sample shows an LFP peak
and reached 99.60% based on Rietveld refinement results.
The 5wt.% and the 9 wt.% samples contain secondary phos-
phate phases with purities based on Rietveld refinement
results of 93.10% and 80.40%, respectively. This indicates that
7 wt.% carbon provided a more favorable reaction condition
for the conversion of ferronickel-derived FePO, into olivine
LiFePO,. Insufficient carbon at 5 wt.% may limit the reduc-
tion and solid-state reaction process, while excessive carbon
at 9 wt.% may disturb contact between FePO, and the lithium
source, leading to incomplete phase development.

Based on the morphology in Fig. 5, the 5wt.% carbon
sample consisted of large and compact agglomerates with in-
terconnected particles, dense packing, and relatively smooth
surfaces. The 7 wt.% carbon sample had a looser, more open
structure. This allowed for better electrolyte access and
maintained sufficient contact for electron transport. In con-
trast, the 9 wt.% carbon sample had a finer, more fragmented
morphology. This structure might improve lithium-ion diffu-
sion, but excessive carbon led to a non-uniform distribution
and weaker contact between LiFePO, particles. BET results
in Table 1 supported this interpretation. The surface area
increased from 3.651 m?/g for 5 wt.% carbon to 4.513 m?/g for
7 wt.% carbon and 5.913 m?/g for 9 wt.% carbon.

EIS data in Fig. 9 suggest that 7 wt.% carbon is the most
favorable composition in terms of charge-transfer resistance
and conductivity, while 9 wt.% carbon provides the best lith-
ium-ion diffusion characteristics. The CV results in Fig. 10
support the EIS interpretation. The 7 wt.% carbon sample
showed the highest redox peak current, indicating better
electrochemical activity and faster redox kinetics. The 9 wt.%
sample showed the smallest peak separation, suggesting rela-
tively favorable lithium-ion diffusion and lower polarization.
However, its lower peak current and higher charge-transfer
resistance indicate that diffusion improvement alone was
insufficient to deliver the best overall performance. The rate
capability performance results provide direct confirmation
that 7 wt.% carbon is the optimum composition in this study.
The 7 wt.% sample delivered the highest specific capacity, ap-
proximately 140 mAh g1 at 0.1 C, followed by 9 wt.% carbon
at 113 mAh g=! and 5wt.% carbon at 68 mAh g—! (Fig. 11).
The higher capacity of the 7 wt.% sample can be attributed to
its near-single-phase olivine structure, lower charge-transfer
resistance, higher electronic conductivity, and more balanced
morphology. Although the 9 wt.% sample showed the highest
lithium-ion diffusion coefficient, its higher charge-transfer
resistance and lower phase purity reduced its overall electro-
chemical performance.

Previous studies have shown that the carbon content
and heat-treatment conditions have a strong impact on
LiFePO,/C phase formation and electrochemical perfor-
mance. The precursor crystallinity and synthesis conditions
influence the electrochemical behavior of LiFePO,/C [22]. In
addition, the particle size and structural state of FePO4-based
materials have been reported to influence reaction activity
and electrochemical behavior, where nanosized particles and
less crystalline structures may improve ion transport and
reaction kinetics [23]. The optimal carbon content in C/LFP
cathode material significantly assists in lowering the Rct
and rising the DIi value in comparison with other C/LFP
cathodes, but excessive carbon content increased resistance
and hindered lithium-ion diffusion [24]. The residual carbon
content and carbon distribution can also be affected by post
heat-treatment conditions, including the duration of heat
treatment [25]. This is in agreement with the present re-
sults, where the 7 wt.% carbon sample produced the highest
LiFePO, phase purity and the best overall electrochemical
response. However, the lower phase purity of the 9 wt.%
sample shows that increasing carbon content does not always
improve LiFePO, formation. In this case, excessive carbon
may reduce effective contact between FePO, and the lithium
source and may also cause non-uniform carbon distribution.
These conditions can lead to incomplete conversion and the
appearance of secondary phosphate phases.

The role of carbon observed in this work is consistent
with earlier reports on the reaction mechanism of LiFePO,
formation. The reduction of Fe3* during LiFePO, synthesis
has been reported to depend on the carbonaceous additive
and thermal condition [26]. It has also been reported [27]
that carbon helps maintain a reducing environment during
high-temperature synthesis. These studies support the inter-
pretation that carbon affects not only electronic conductivity,
but also the local reaction environment during LiFePO, for-
mation. In the present study, this effect was most favorable
at 7 wt.% carbon, where phase conversion, electronic conduc-
tivity, and particle contact were better balanced than in the
5wt.% and 9 wt.% samples.

The present result is also comparable with the sol-
id-state synthesis study [28], which reported that crystalline
LiFePO,/C composites could be obtained by heating pellet-
ized precursors at 800°C for 5 h with an optimized carbon
content of 3-10 wt.%. Nanocrystalline LiFePO4 particles are
obtained by annealing at 550°C in Ar+5%H2 atmosphere
for 3 h [29]. In this study, the optimum carbon content was
7 wt.% under different conditions, namely the use of ferron-
ickel-derived FePO,, LiOH as the lithium source, ball mill-
ing, and calcination at 650°C for 10 h under argon. This com-
parison shows that the optimum carbon content depends on
the precursor type, carbon source, and heat-treatment route.

Compared with studies using commercial or chemical-
ly prepared FePO, precursors, the main difference in this
work is the use of FePO, obtained from a ferronickel-derived
solution. This is important because ferronickel-derived pre-
cursors may carry impurity risks from dissolved metal ions.
The absence of detectable Ni in the final LiFePO,/C products
suggests that the FePO, precipitation route was effective in
reducing Ni carryover before cathode synthesis. This result
supports previous findings that precursor quality and impuri-
ty control are important for improving LiFePO,4 cathode per-
formance [9, 17, 30]. Therefore, the main feature of this study
is not only the identification of 7 wt.% carbon as the optimum
composition, but also the demonstration that ferronickel-de-



rived FePO,4 can be converted into LiFePO,/C with promising
phase purity and electrochemical performance. The applica-
bility of these results is limited to the synthesis conditions
used in this study, including the ferronickel-derived FePO,
precursor, LiOH as the lithium source, Super P carbon con-
tents of 5-9 wt.%, ball milling at 300 rpm for 2 h, preheating
at 300°C for 3 h, and calcination at 650°C for 10 h under an
argon atmosphere. The optimum 7 wt.% carbon value cannot
be generalized to other lithium sources, carbon sources, fur-
nace atmospheres, or heat-treatment temperatures without
further verification.

The obtained capacity remains below the theoretical 170
mAh g-! of LiFePO,, but the result is promising because
the precursor was derived from ferronickel, not high-purity
commercial FePO,. The gap between experimental and theo-
retical capacity may be due to particle agglomeration, incom-
plete carbon coating, limited active material utilization, and
non-optimized particle size distribution.

From a practical point of view, the results of this study
show that ferronickel-derived FePO, has potential to be used
as an alternative precursor for LiFePO,/C cathode materials.
The findings are mainly applicable to the early development of
battery cathode materials using iron resources obtained from
ferronickel processing. In this context, the study provides use-
ful information for selecting the appropriate carbon content
when non-commercial FePO, is used as the starting material.

The main disadvantages of this study are related to parti-
cle agglomeration, incomplete carbon coating, and the limit-
ed optimization of particle size and carbon distribution. The
future development of this study will focus on the problem of
particle agglomeration and incomplete carbon coating. This
is possible through the variation of the carbon source and
also modification of parameters in the synthesis process. The
source of FePO, from ferronickel is promising because no Ni
signal was detected within the detection limit of EDX anal-
ysis in the final LiFePO,/C products. Therefore, the present
result supports the feasibility of using ferronickel-derived
FePO, as an alternative precursor, provided that impurity
control is maintained during precursor preparation. However,
for the future development may have a several experimental
difficulties, especially in maintaining consistent FePO, pre-
cursor purity from ferronickel-derived solutions, controlling
residual metal impurities, and achieving uniform carbon
distribution during larger-scale synthesis. Further optimiza-
tion should include precursor reproducibility, carbon-coating
characterization, and long-term cycling stability tests.

7. Conclusions

1. The carbon addition significantly affected the for-
mation of the olivine LiFePO, phase and secondary phase
development. The 7 wt.% sample showed an LFP peak and
reached 99.60% purity. In contrast, the 5wt.% and 9 wt.%
samples contained secondary phosphate phases with purities
of 93.10% and 80.40%, respectively. This suggests that 7 wt.%
carbon provided a more favorable reaction condition for con-
verting ferronickel-derived FePO, into olivine LiFePOy,.

2. The effect of carbon addition on the microstructural
characteristics of LiFePO,/C materials concludes that carbon
coating can reduce the agglomeration of the LFP particles.
The lack of carbon coating tends to produce agglomerates
and growth of particles becomes dense; this is shown in
samples with 5wt.%. The 7wt.% carbon sample had a less

compact particle structure, with a looser structure that allowed
better electrolyte access and maintained electron transport. The
9 wt.% carbon sample had a finer, more fragmented morphology.

3. Among the synthesized materials, adsorption uptake
increases with increasing carbon content, which is 9 wt.%,
7 wt.%, and 5 wt.% in sequence. Although higher carbon con-
tent increased the adsorption uptake and BET surface area, the
electrochemical results show that textural improvement alone
was insufficient to achieve superior cathode performance.

4. The electrochemical performance of LiFePO,/C cath-
odes, based on CV, EIS, and galvanostatic charge-discharge
tests, confirms that 7 wt.% carbon is the optimum composi-
tion in this study. The 7 wt.% sample delivered the highest
specific capacity, approximately 140 mAh g=! at 0.1 C, fol-
lowed by 9 wt.% carbon at 113 mAh g~ and 5wt.% carbon
at 68 mAh g=!. The 7 wt.% sample is lower charge-transfer
resistance and higher electronic conductivity. Although the
9 wt.% sample showed the highest lithium-ion diffusion coef-
ficient, its higher charge-transfer resistance and lower phase
purity reduced its overall electrochemical performance.
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