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Abstrak — Nanopartikel Fe;,Co.O, (x = 0,25 dan 0,375) berhasil disintesis menggunakan pasir besi alami
sebagai bahan dasar melalui metode kopresipitasi dengan penambahan CoCl,6H,0 sebagai sumber kobalt.
Karakterisasi optik dilakukan menggunakan spektroskopi UV—-Vis pada rentang panjang gelombang 200—-800 nm
untuk menganalisis sifat elektronik material. Hasil pengukuran menunjukkan bahwa peningkatan fraksi kobalt
memperkuat serapan di daerah tampak dan menggeser onset serapan ke energi yang lebih rendah, yang
menunjukkan penyempitan energi celah pita. Analisis Tauc menunjukkan bahwa energi celah langsung menurun
dari 2,222 menjadi 2,352 eV (x = 0,25), sementara energi celah tidak langsung menurun dari 2,204 eV menjadi
2,388 eV. Lebih lanjut, perhitungan energi Urbach menunjukkan peningkatan dari 0,073 eV pada x = 0,25
menjadi 0,074 eV pada x = 0,375, yang mengindikasikan peningkatan ketidakteraturan lokal yang memperlebar
ekor pita. Temuan ini konsisten dengan laporan penelitian sebelumnya tentang magnetit terdoping-ko dan
CoFe,0, dan menegaskan bahwa doping kobalt efektif dalam meningkatkan kapasitas penyerapan cahaya
tampak. Dengan demikian, Fe; Co.O, berbasis pasir besi alami, terutama pada x = 0,375, memiliki potensi
aplikasi sebagai bahan aktif dalam fotokatalisis berbasis cahaya tampak dan perangkat optoelektronik energi
surya.

Kata kunci: Fe;O, Kobalt, Doping, Optik, Energi.

Abstract — Fe; ,Co,0, nanoparticles (x = 0.25 and 0.375) were successfully synthesized using natural iron sand
as the base material through a coprecipitation method with the addition of CoCl,-6H,O as a cobalt source.
Optical characterization was carried out using UV—Vis spectroscopy in the wavelength range of 200—800 nm to
analyze the electronic properties of the material. The measurement results showed that increasing the cobalt
fraction strengthened the absorption in the visible region and shifted the absorption onset to lower energies,
indicating a narrowing of the band gap energy. Tauc analysis revealed that the direct gap energy decreased from
2.222 to 2.352 eV (x = 0.25), while the indirect gap energy decreased from 2.204 eV to 2.388 eV. Furthermore,
the Urbach energy calculation shows an increase from 0.073 eV at x =0.25 to 0.074 eV at x = 0.375, indicating
an increase in local disorder that broadens the band tail. This finding is consistent with previous research reports
on Co-doped magnetite and CoFe,0,, and confirms that cobalt doping is effective in enhancing the visible light
absorption capacity. Thus, Fe;,Co,0, based on natural iron sand, especially at x = 0.375, has potential
applications as an active material in visible light-based photocatalysis and solar energy optoelectronic devices.
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INTRODUCTION context, transition metal oxides play a crucial
role due to their thermal stability, crystal
structure flexibility, and ability to be modified
through cation substitution and particle size
engineering at the nanoscale.

Among various transition metal oxides,
magnetite (Fe;O,) is one of the most extensively
studied due to its unique combination of
electronic, optical, and magnetic properties [3].
Fe;0, has an inverse spinel structure, where Fe**
ions occupy tetrahedral sites (A), while a
mixture of Fe** and Fe** ions occupy octahedral
sites (B) [4]. This configuration allows for
electron hopping between Fe** and Fe’,
contributing to its relatively high electrical
conductivity at room temperature. Furthermore,

The development of materials science in the last
two decades has been heavily influenced by the
need for sustainable energy, advanced electronic
devices, and nanomaterial-based technologies
[1]. One of the main focuses of global research
is engineering the electronic and optical
properties of semiconductor materials and metal
oxides, which are used in various fields, from
energy conversion and energy storage to optical
sensors and catalysts, to biomedical devices.
These materials development efforts are aimed
at  achieving  efficient, stable, easily
manufactured systems at low cost, while
utilizing abundant natural resources [2]. In this
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Fe;O, is ferrimagnetic with a large saturation
magnetization, making it widely wused in
magnet-based devices, pigments, catalysts,
electrodes, and biomedical applications such as
MRI contrast agents and drug delivery.

However, in terms of optical properties,
Fe;0, faces challenges. Fe;O, band gap energy
is relatively large for visible-light applications,
while its optical absorption is limited to specific
wavelengths [5]. This relatively wide band gap
limits Fe;O, ability to absorb photon energy in
the wvisible spectrum, thus reducing its
effectiveness in visible-light-based
photocatalysis applications and solar energy
optoelectronic devices. In many reports, Fe;0,
exhibits semiconducting properties with an
optical band gap in the range of 2.2-2.6 eV,
which is still less than optimal for full sunlight
absorption. Therefore, material engineering
strategies are needed to enable Fe;O, to absorb
more visible light with higher efficiency. One
strategy that has proven effective for modifying
the electronic and optical properties of Fe;Oy is
through doping with transition metal cations [6].
This doping aims to alter the distribution of
cations in the spinel lattice, introducing
additional energy levels within the band gap,
and affecting the density of states (DOS) near
the valence and conduction band edges.
Previous research has shown that substitution of
metal cations such as Ni*', Mn*", Zn?', and
especially Co*" can lower the band gap, increase
absorption in the visible region, and affect the
magnetic and electrical properties of the
material [7-9].

Cobalt (Co*") occupies a crucial position
among other transition cations due to its ionic
preference for occupying the octahedral (B) site
in the spinel structure [10]. The presence of Co*"
ions at this site allows direct interaction with
Fe?/Fe**, which is involved in the electron
hopping mechanism. This implies a change in
the crystal field (Aoct), strengthening the
hybridization of the 3d(Co)-3d(Fe)-2p(O)
orbitals, and increasing the density of states near
the band edge [9]. Consequently, electronic
transitions can occur at lower photon energies,
resulting in band gap narrowing and increased
absorption in the visible region. Several studies
have reported that cobalt doping not only
narrows the band gap but also extends the
optical response into the near-infrared spectrum,
which is highly relevant for photocatalytic
applications.

In addition to the band gap, another aspect
that needs to be considered in assessing the
optical quality of a material is the Urbach
energy (E U). The Urbach energy measures the

width of the exponential tail states at the band
edge that arise from defects, dislocations,
strains, or local potential fluctuations within the
crystal. A larger EU value indicates a higher

degree of disorder, while a smaller value
indicates better structural order [11]. Thus,
Urbach energy measurements can complement
band gap analysis to provide a more
comprehensive understanding of a material's
electronic properties. In the Fe;O, system, Co
doping has the potential to not only narrow the
band gap, but also increase local disorder,
thereby expanding the band tail and influencing
the optical transition mechanism.

Several studies support the significant effect
of Co doping on the optical properties of ferrite.
Zheng et al. [12] reported that cobalt
substitution in magnetite increases absorbance in
the visible region, accompanied by a decrease in
the band gap, although the absolute value of the
band gap is strongly influenced by crystallite
size and lattice strain. Anantharamaiah and Joy
[13] found that CoFe,O, nanoparticles have a
direct band gap in the range of 1.8-2.1 eV, lower
than that of pure magnetite, which is generally
>2.2 eV, indicating that Co can narrow the band
gap. Todou Assaouka et al. [14] confirmed that
the cation distribution and lattice strain due to
cobalt doping affect not only the band gap but
also the Urbach energy, meaning this doping can
alter both the structural regularity and optical
properties of the material.

Other studies also support the significant
influence of cobalt. Zheng et al. [12] showed
that Co-doped ferrite tends to have larger tail
states, as reflected by the increased Urbach
energy value, due to the increase in local defects
in the lattice. Attou et al. [15] reported that
Co-doped magnetite synthesized by the
coprecipitation method exhibited more stable
optical properties compared to doping with other
metals, because Co*" more easily fits into the
spinel structure. These facts strengthen the
rationale for using cobalt as the main dopant for
modifying the optical properties of Fe;O4 In
terms of raw material availability, the use of
natural iron sand as a source of Fe*"/Fe*" ions
provides significant added value. Iron sand is a
very abundant mineral resource in coastal areas
of Indonesia, including Loang Balok in West
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Nusa Tenggara [16]. So far, iron sand has been
mostly used as a raw material for the steel
industry, even though its iron oxide content has
great potential as a precursor for high-value
functional materials such as metal oxide
nanoparticles.

The use of natural iron sand as a raw material
not only supports the development of locally
resource-based nanotechnology but also aligns
with the principles of sustainability, increasing
the added value of national minerals, and
self-sufficiency in raw materials for materials
research.

In this context, x = 0.25 and 0.375 were
specifically selected to represent
low-to-moderate substitution levels that are still
structurally safe for the spinel lattice while
producing measurable changes in the electronic
and optical behavior. Literature on Co-doped
magnetite and related spinel systems shows that
moderate Co contents are often sufficient to
induce clear modifications in magnetic,
transport, and band-gap-related properties
without destabilizing the host structure or
promoting secondary phases [17], [18]. Doping
levels below x = 0.25 tend to yield optical and
magnetic responses that are very close to those
of undoped Fe;0,, making systematic trends
difficult to distinguish from experimental
uncertainty and background effects [19].
Conversely, higher Co contents beyond x =
0.4-0.5 are more prone to inducing significant
lattice strain, cation redistribution, and the
formation of Co-rich impurity
phases—especially under wet-chemical
synthesis routes and when natural precursors
such as iron sand are used—which complicates
phase purity, data interpretation, and the
establishment of clear structure—property
correlations [17].

Therefore, choosing x = 0.25 and 0.375
provides a rational compromise: the Co content
is sufficiently high to reveal clear doping effects
on the optical properties, yet still low enough to
maintain a predominantly single-phase spinel
structure and reliable trends that can be directly
attributed to controlled cobalt substitution
[17-19]. This study aims to synthesize
Fe;,Co,0, nanoparticles based on natural iron
sand using a coprecipitation method and analyze
their electronic properties through UV-Vis
optical characterization, specifically determining
the direct and indirect energy gaps using the
Tauc method and the Urbach energy as an
indicator of structural disorder.

METHOD

Synthesis of Fe; ,Co,0, Nanoparticles

The Fe;,Co,0, nanoparticle samples were
synthesized using natural iron sand obtained
from Loang Balok Beach as the Fe*"/ Fe’* ion
source, and CoCl,6H,0 as the Co’" ion
precursor. Based on the chemical formula
Fe;,Co,0,, two compositions were prepared,
namely x = 0.25 and x = 0.375, corresponding to
molar ratios of Co:Fe = 0.25:2.75 and
0.375:2.625, respectively. To extract Fe ions, 20
g of iron sand was dissolved in 58 mL of 38%
HCI, producing a filtrate containing FeCl,.FeCl,
after filtration. The concentration of total Fe
ions obtained from this process was
approximately 0.106 mol. The required amounts
of CoCl, 6H,0 were calculated according to the
target doping level: for x = 0.25, approximately
2.53 g (0.0106 mol Co*") was added to the Fe
solution; for x = 0.375, approximately 3.79 g
(0.0159 mol Co**) was added. These quantities
yielded Co:Fe molar ratios of 0.25:2.75 and
0.375:2.625, in agreement with the nominal
compositions Fe, ;5C0g,50,4 and Fe, 4,5C0q 3750,.

Precipitation was carried out by gradually
adding 25 mL of 25% NH,OH under continuous
stirring at room temperature until black
Fe;,Co,0, precipitates were formed. The
precipitates were washed repeatedly with
distilled water until neutral pH (7) was achieved,
dried at 100°C for 1 h, and subsequently ground
into fine powders.

Optical Band Gap and Urbach Energy
Analysis

Optical  properties of  the
nanoparticles were characterized using a
UV-Vis spectrophotometer (LW  Scientific
V-200-RS, USA) within the wavelength range of
200-800 nm. The optical band gap was
determined using the Tauc method [20], which
relates the absorption coefficient (o) and photon
energy (hv) through the equation

(ahv)" = A(hv — Eg), where A is a
material-dependent constant and Eg is the

Fe; ,Co,0,

optical band gap energy. The exponent n
describes the nature of the electronic transition,
with n = 1/2 representing direct allowed
transitions and n = 2 corresponding to indirect
allowed transitions.
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The wvalue of Eg was obtained by

extrapolating the linear portion of the (cxhv)n
versus hv plot to the photon energy axis. The
Kubelka—Munk method is used as an alternative
to the Tauc approach for determining the optical
band gap of opaque solids or powder samples. In
this method, the diffuse reflectance (R) is
converted into the Kubelka—Munk function,

F(R), defined as F(R) = (1 — R)*/(2R) [14].
The quantity F(R) is then treated as an analog of
the absorption coefficient (a) in the Tauc
relation, so that the band gap can be estimated

from the plot of [F(R) - hv]n versus hv using
the expression [F(R) - hv]n = A(hv — Eg).

In addition, the degree of structural disorder
was evaluated through the FE - which

characterizes the exponential tail of localized
states in the band gap. The absorption
coefficient in this region follows the relation

a=a exp(%), which can be expressed in
u

i = v

linear form as In(a) = ln(ao) + B, The

Urbach energy was obtained from the inverse
slope of the linear region in the In(a) versus hv
plot [11]. Larger E U values indicate a broader

band tail and a higher degree of lattice disorder,
often associated with defects, dislocations, or
microstructural irregularities in the crystal.

RESULT AND DISCUSSION

Tests were conducted using a UV-Vis
spectrophotometer to obtain transmittance and
absorbance curves of Fe;,Co,O, nanoparticles
in the wavelength range of 200-800 nm (see
Figure 1). The UV—Vis spectrum in Figure 1
shows that increasing the cobalt concentration in
Fe;,Co,0, significantly affects the optical
absorption characteristics of the material. At a
composition of x = 0.25 (Figure la), the
absorbance curve still shows a relatively lower

intensity, while at x = 0.375 (Figure 1b) there is
a significant increase in absorbance in the
visible region (500-800 nm).

This shift indicates that cobalt doping plays a
role in strengthening the optical interaction with
visible radiation, making the material more
responsive to light with longer wavelengths
(redshift). This phenomenon can be explained
by the contribution of the 3d (Co*") orbitals that
interact with the 3d(Fe) and 2p(O) bands,
thereby increasing the probability of optical
transitions in the low-energy region. These
results are consistent with reports from several
previous studies. Sheng et al. [21] showed that
Co*" substitution in Fe-based spinel structures
enhances optical absorption in the visible region
due to the formation of additional electronic
levels around the valence and conduction band
edges.

A study by Todou Assaouka et al. [14] on
co-doped magnetite also reported an increase in
absorbance in the visible region with increasing
cobalt fraction, attributed to an increase in the
density of states around the Fermi level.
Similarly, G. Leonel et al. [22] reported that
doping transition cations in magnetite can
induce an optical shift toward longer
wavelengths, thereby expanding the material's
ability to absorb low-energy photons. From a
mechanistic perspective, these results are also in
line with the findings of Jain [6] who explained
that cobalt ions more stably occupy octahedral
sites in the spinel structure, thus causing local
distortions in the lattice and implicating
modifications in the optical properties. This
distortion not only increases the absorption
intensity but also broadens the absorbable
spectrum range. Calculations were then
performed to clarify the energy gap values of
each sample. The calculations were performed
using both the Direct and Indirect methods, the
results of which can be seen in Figure 2.
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Figure 2. Results of (a to b) Direct Energy Gap; and (c to d) Indirect Energy Gap Calculation for Fe; ,Co,0,

Samples using the Tauc Plot Method

The UV-Vis spectrum analyzed using the
Tauc method shows that the direct energy gap
in Fe;,Co,0, changes with increasing cobalt
fraction. At x = 0.25 (Figure 2a and Figure 2c¢),

the Tauc curve shows a higher linear region
compared to x = 0.375, while at x = 0.375
(Figure 2b and Figure 2d) there is a shift
towards lower energy (red-shift) accompanied
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by an increase in absorption intensity in the
visible region. The direct energy gap value
obtained is 2.271 eV, greater than that of x =
0.375, which is 2.221 eV. For indirect result
energy gap value obtained is 2.222 eV and
2.204 eV. This phenomenon confirms that Co**
doping introduces additional electronic levels
that interact with the 3d(Fe) and 2p(O)
orbitals, thereby increasing the chance of direct
optical transitions at lower energies.

This finding is in line with the report of
Sheng et al. [21] which showed that cobalt
substitution in magnetite results in an increase
in the density of states near the band edge,
which triggers a narrowing of the band gap.
Another study by Anantharamaiah and Joy
[13] on CoFe,0, also reported Egdir values in
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the range of 1.8-2.1 eV, smaller than those of
pure nanocrystalline magnetite, which are
typically above 2.2 eV. Similar results were
found by Mai et al. [23] who showed a shift in
absorption towards longer wavelengths when
transition ions such as Co** were introduced
into the spinel structure. This was then
followed by calculations using the indirect
energy gap method, the results of which can be
seen in Figure 3.

Figure 3 shows that increasing the cobalt
fraction from x 025 to x 0.375
consistently strengthens the absorption in the
visible region and shifts the absorption onset to
lower energies. The indirect energy gap value
is 2.315 eV to 2.352 eV for x = 0.25. While at
x =0.375 the value is 2.355 eV to 2.388 eV.
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Figure 3. Results of (a) Direct Energy Gap; and (b) Indirect Energy Gap Calculation for Fe;.,Co,0, Samples

using the Kubelka-Munk Method

In the Kubelka-Munk, both compositions
display a clear linear segment, but the sample x
= 0.375 (Figure 3c and Figure 3d) shows a
cutoff point at a smaller energy and a slightly
different slope compared to x = 0.25 (Figure 3a

and Figure 3c). Physically, this phenomenon
can be interpreted as a consequence of the
introduction of Co*" mainly at the octahedral
(B) sites in the magnetite inverse spinel, which
increases the density of states (DOS) near the
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band edge through 3d(Co)-3d(Fe)-2p(O) exhibit a linear region sufficient for
hybridization. Consequently, the probability of extrapolation. Interestingly, the obtained

a direct transition without phonon assistance
increases at lower photon energies, reflected in
a redshift and higher absorption intensity at x =
0.375. This trend is consistent with reports on
Co-doped magnetite and nanocrystalline
CoFe,0,, where increasing Co content
increases the involvement of 3d(Co) orbitals
around the band edge and enhances the visible
absorption.

While the absolute values of the reported
band gaps vary across studies due to
differences in crystallite size, lattice strain, and
synthesis methods, the direction of the shift is
relatively consistent [24]. In the indirect Tauc

plot (O(hV)l/2 vs hv, both compositions again
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indirect values are very close to the direct
values for each composition, with the same
compositional trend, namely x = 0.375 still
showing an onset at a lower energy compared
to x =0.25.

This closeness indicates that in natural
iron sand-based Fe;,Co,O, the absorption
mechanism at the optical edge is not
monopolized by a single pathway. At the
nanoscale, the presence of defects, microstains,
and polaronic hopping of Fe*'/Fe’* allows
indirect (phonon-assisted) transitions to be
active around the absorption edge, allowing the
direct and indirect estimates to converge.
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Figure 4. Calculation Urbach Tail of Cobalt Doped Magnetite Nanoparticles

This pattern has also been reported for
various spineled ferrites containing Co, where
the phonon contribution to momentum
conservation becomes significant as the
crystallite size decreases or when cation
substitution introduces local distortions [12].
Thus, this system exhibits a mixed optical
transition: direct remains dominant, but indirect
is simultaneously present, so that the absorption
onset is relatively stable across different models.

In addition to the onset shift, the spectrum
at x = 0.375 exhibits a more pronounced
shoulder or ramp in the visible region compared
to x = 0.25. This characteristic is commonly
associated with band-to-band overlap or mild
band tailing due to local disorder, which is again

consistent with the role of Co?" as a modifier of

the Fe octahedral environment and a 3d-level
degeneracy breaker. The literature on Co-based

ferrites also indicates that an increase in the
visible  absorption coefficient is often
accompanied by a change in the slope of the
Tauc plot, reflecting matrix-element transition
modifications and changes in the DOS near the
band edges [12], [21]. Given that the starting
material used is natural iron  sand,
microstructural variables such as particle size
distribution and minor impurities (common in
natural precursors) likely contribute to widening
the linear Tauc range, although they do not alter
the direction of the main trend between
compositions. After calculating the energy gap,
the data were backtransformed to obtain the
Urbach tail values shown in Figure 4. The
Urbach tail (Figure 4) is evaluated from the
linear plot of In(a) vs. hv in the sub-gap region.
The slope of the linear segment m is directly
related to the Urbach energy through the
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relationship m = EL; thus, a steeper line larger
U

E, indicating a wider band-tail and higher

disorder near the band edge.

The Urbach energy (Figure 4) is evaluated
from the linear plot of In(a)wvs. hv in the
sub-gap region. The slope of the linear segment
m is directly related to the Urbach energy

through the relationship m = L; thus, a
U

steeper line larger EU, indicating a wider

band-tail and higher disorder near the band
edge. Figure 3 shows that Fe; ,Co,0, (x = 0.25
and 0.375) exhibits good linearity with Eu
values of 0.07257 eV for x=0.25 and 0.7437 eV
for x=0.375. The exponential region confirms
the presence of tail states due to defects,
microstains, and local potential
fluctuations—phenomena common to

Urbach Energy
0.00073 eV

Valence Band

Conduction Band

nanocrystalline spinel ferrite. Comparatively, the
difference in linear slope between x = 0.25 and x
= 0.375 indicates a moderate change in E v with

increasing cobalt. The physical interpretation
relates to the substitution of Co*" preferentially
occupying octahedral (B) sites in the inverse
spinel of magnetite, modifying the Aoct crystal
field, affecting the distribution of Fe*/Fe’*
cations, and adding defect centers that widen the
band tail. Consequently, the density of localized
states near the band edge increases, thus
strengthening the sub-gap absorption [25]. This
relationship between E U and the degree of

crystalline disorder has been widely reported in
ferrites: E U increases with increasing disorder

(strain, defects, impurities). Illustration of Co
doping in the Fe;O, structure can be seen in
Figure 5.
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Figure 5. Illustration of Co doping in the Fe;O, Structure

Figure 5 schematically illustrates the
incorporation of Co®" ions into the Fe;0, spinel
lattice, where partial substitution occurs at the
Fe sites within both tetrahedral (A) and
octahedral (B) positions. In the ideal Fe;O,
structure, Fe** ions occupy the A-sites while a
mixed distribution of Fe*" and Fe*' resides in the
B-sites. Upon doping, Co*" ions replace a
fraction of Fe cations, as visualized by the
highlighted atomic sites in the enlarged lattice

representation. This cationic substitution subtly
alters the electronic configuration and local
bonding environment without disrupting the
overall spinel framework, which remains
structurally preserved as indicated by the
consistent lattice arrangement. The Co—Fe
redistribution modifies the local potential
landscape and contributes to changes in
electronic states near the band edge, which
correlates with the observed shift in optical gap
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and Urbach energy. The accompanying
elemental markers emphasize the controlled Co
incorporation and the coexistence of Fe and Co
within specific lattice coordinates, reflecting a
compositional tuning rather than a structural

breakdown of the parent Fe;O, phase. Next, the
energy gap results based on Tauc plots and
Kubelka-Munk, as well as Urbach energy based
on relevant previous research, are compared.
The results can be seen in Table 1.

Table 1. Energy Gap and Urbach Energy Values compared with various previous studies

No. Sample Tauc Eg (V) Kubelka-Munk Eg (eV) Eu (eV) Ref.
I.  FCI (Fe,75C0,50,) 2.222-2.271 2.315-2.352 0.07257  This Study
2. FC2 (Fe,y6,5C003750,) 2.204-2.221 2.355-2.388 0.07437  This Study
3. Fe;0,@Yttrium Silicate 5.48-5.49 - - [26]
4.  Fe;0/Au 2.77 - - [27]
5. Fe0, 1.4-3.8 - - [28]
6.  Un-doped Fe;0, - 2.98 0.666 [29]
7. Mn-doped Fe;0, - 2.93 0.425 [29]
8.  Zn-doped Fe;0, - 3.01 0.913 [29]
9.  MnS/Fe;0, - 2.85 0.668 [29]
10.  ZnS/Fe;0, - 2.95 0.5368 [29]
11. Cu,Fe; 0, (x=0.05and 0.1) 1.76-1.83 - - [30]
12.  Fe;0,@Zn (1-10%) 2.24-2.35 - - [31]
The  evolution of the FE U in Fe;0,@Zn interval in entry 12 and to other

cobalt-containing spinel ferrites is not universal
and depends on synthesis conditions, cation
distribution within the spinel lattice, and the
overall degree of electronic disorder [32], [33].
In Fe;,Co,0, derived from natural iron sand,
two features emerge from Table 1. An increase
in cobalt content from FCl to FC2 is
accompanied by a modest red shift in the Tauc
band gap from 2.222-2.271 eV to 2.204-2.221
eV. Over the same composition interval, E U

changes only slightly from 0.0726 eV to 0.0744
eV, which indicates a minor increase in the
density of localized states near the band edge.
When placed against prior reports compiled
in Table 1, the present Tauc gaps around
2.20-2.27 eV occupy the mid-visible range that
is often reported for modified Fe;O,. They are
comparable to Fe;0,@Zn with values between
2.24 and 2.35 eV [31] and remain below
Fe;O/Au at 2.77 eV [27]. They are also far
below the very large values reported for Fe;O,
embedded in yttrium silicate, namely 5.48-5.49
eV [26]. Relative to the broad envelope reported
for Fe;O,, which spans 1.4-3.8 eV [28], the
present results fall near the center of the
distribution and overlap the upper end of the
values observed in Cu-doped analogues at
1.76-1.83 eV [30], acknowledging that
compositional and analytical differences limit
strict one-to-one comparison. The
Kubelka—Munk estimates for the present
samples, namely 2.315-2.352 eV for FCI and
2.355-2.388 eV for FC2, remain close to the

reports that place Fe;O, based materials within
the visible regime.

The Urbach energies obtained here,
approximately 70—74 meV, are markedly smaller
than those listed for undoped and modified
Fe;O, in Table 1. Undoped Fe;O, has been
reported at about 0.666 eV [29], while Mn- and
Zn-doped Fe;O, appear near 0.425 ¢V and 0.913
eV [29]. Heterostructured systems such as
MnS/Fe;O, and ZnS/Fe;0, show values near
0.668 eV and 0.537 eV [29]. Against this
backdrop, the present EU values are lower by

roughly an order of magnitude and therefore
indicate sharper band edges and a reduced
density of tail states without the need to invoke
specific microstructural mechanisms. Thus, the
E v trend in Fe; Co,0, synthesized from natural

iron sand is naturally influenced by a
combination of composition (x), and residual
impurities typical of natural precursors. In
practice, a larger E U is advantageous for

broadening the visible absorption through tail
states, but potentially increases non-radiative
recombination pathways due to the density of
localized states; conversely, a smaller E,

indicates sharper band edges and better
electronic order—more advantageous for
optoelectronic devices that demand clean carrier
transport.
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CONCLUSION

Fe; ,Co,0, nanoparticles (x = 0.25 and 0.375)
were successfully synthesized from natural iron
sand and showed significant changes in their
optical properties due to cobalt doping. The
UV-Vis spectra showed an increase in
absorbance in the visible region and a shift in
the absorption onset to lower energies with
increasing cobalt fraction. Tauc analysis showed
that the direct gap energy decreased from 2.271
eV (x =0.25) to0 2.221 eV (x = 0.375), while the
indirect gap energy decreased from 2.222 eV (x
= 0.25) to 2.204 eV (x = 0.375). Urbach energy
calculations revealed an increase from 0.07257
eV (x = 0.25) to 0.7437 eV (x = 0.375),
indicating increased structural disorder and
broadening of the band tail. Thus, increasing
cobalt content enhances visible light absorption,
narrowing the energy gap, but also increases
disorder, confirming a trade-off between optical
absorption effectiveness and electronic order.
Future studies are recommended to combine
optical analysis with advanced structural
characterization, such as XPS or Raman
spectroscopy, to clarify the relationship between
cation distribution, lattice disorder, and the
resulting optical properties.
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