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Abstract

The synthesis of Fe3O, and e-Fe,O3 nanoparticles (hereafter referred to as Fe;O4 NPs and
e-FepO3 NPs, respectively) was conducted in an eco-friendly manner using FeCls-6H,0O
as the primary reactant. The experiment was conducted by subjecting the sample to an
aqueous solution of FeCl,-4H,0O at a temperature of 80 °C for a duration of 45 min, with
the inclusion of apricot kernel shell extract (AKSE) as a natural reducing agent. The syn-
thesized Fe3O4 NPs and e-Fe;O3 NPs were characterized using Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM), and ther-
mogravimetric analysis (TGA). The optical properties of Fe304 NPs and e-Fe,O3 NPs were
examined, with the band gap energy estimated using the Kubelka-Munk formula. The re-
sults demonstrated a band gap of Eg (Fe304 NPs) = 2.59 eV and E¢ (e-Fe;O3 NPs) =2.75 eV,
thereby confirming their semiconductor behavior. The photoconductivity of Fe3O4 NPs
and e-Fe,O3 NPs was analyzed as a function of photon energy. For Fe3O4 NPs, photo-
conductivity exhibited an increase between 1.37 eV and 6.2 eV prior to reaching a state
of stability. A comparable trend was observed for ¢-Fe;O3 NPs, with an increase from
1.35 eV to 6.22 eV, followed by stabilization. Furthermore, the extinction coefficient (k) was
determined. For Fe304 NPs, k ranged from 39 to a maximum of 300, while for e-Fe,O3 NPs,
it varied from 37 to a maximum of 280. A higher k value indicates strong light absorption,
rendering these nanoparticles highly suitable for photothermal and sensing applications.

Keywords: extinction coefficient; green synthesis; e-Fe;O3; iron oxide nanoparticles;
magnetite (Fe3O4); optical properties

1. Introduction

In recent years, there has been a significant increase in research focused on nanomate-
rials, particularly with regard to their distinctive catalytic, optical, electrical, optoelectronic,
mechanical, thermodynamic, and magnetic properties [1]. These properties of nanomateri-
als differ considerably from those exhibited by their bulk counterparts. These characteristics
render nanomaterials promising for various nanodevice applications [2,3]. Transition metal
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oxides, in particular, have attracted considerable attention due to their exceptional phys-
ical, electrical, magnetic, and optical properties [1] at the nanoscale (dimensions of less
than a few hundred nanometers), resulting from high surface-to-volume ratios, quantum
confinement effects, and surface phenomena. Among these elements, iron and its oxides
have played a pivotal role in a variety of scientific and industrial applications for over half
a century [4]. A total of sixteen iron oxides have been identified thus far [5]. A number
of these, including Fe304 and e-Fe;O3, are currently under intensive study due to their
promising potential applications in various fields, including electronics, biomedicine, and
environmental processes [6,7]. Iron oxide nanoparticles have gained significant recognition
for their diverse applications, including but not limited to drug delivery [8], magnetostric-
tion [9], magnetic resonance imaging [10], microwave absorption, dye degradation, and
photocatalysis [11]. The practical importance of these elements serves as the impetus for
extensive research into synthesis and characterization [12]. A plethora of methodologies
have been devised for the synthesis of iron oxide nanoparticles, including sol-gel [13],
microemulsion [14], sonochemical techniques [15], ultrasonic spraying, pyrolysis [16], and
microwave plasma [17]. The efficacy of these methods is contingent upon factors such as
particle size control, production scalability, and cost effectiveness. Among these methods,
wet chemical processes are economically viable; however, they frequently necessitate intri-
cate multi-step protocols [18]. In this study, the synthesis of FesO4 NPs and ¢-Fe;O3 NPs
was carried out using an environmentally friendly approach. Apricot kernel shell extract
was utilized as a natural reducing agent in the synthesis process, thereby emphasizing
sustainability. A suite of advanced characterization techniques was employed to vali-
date the synthesis of Fe304 NPs and ¢-Fe,O3 NPs, with the objective of ascertaining their
structural, thermal, and chemical properties. The aforementioned techniques comprised
scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), and thermogravimetric analysis (TGA).

2. Materials and Methods
2.1. Materials

Iron(III) chloride hexahydrate (FeCls-6H,O) was obtained from BIOCHEM, Chemopharma,
Montreal, Canada, and iron(Il) chloride tetrahydrate (FeCl,-4H,0O) was purchased from
BIOCHEM, Chemopharma, Leuven, Belgium. Sodium hydroxide (NaOH) was procured
from Sigma-Aldrich (Dolni Dobrou¢, Czech Republic), while 96% ethanol was obtained
from Honeywell (Frankfurt am Main, Germany). The apricot kernel shells utilized as a
raw material were obtained from Dar Shuyukh city, situated within the Djelfa region in
central Algeria.

2.2. Collection and Preparation of Plant Material for Apricot Kernel Shell Extraction

Apricot kernel shells were collected in May 2023 from Dar Shuyukh city, which is
located in the central region of Djelfa, Algeria. The shells were air-dried at room tempera-
ture, away from direct sunlight, in order to preserve their integrity. The dried shells were
subsequently pulverized into a fine powder using a mortar and pestle. A 10 g portion of
the powdered material was meticulously combined with 100 mL of distilled water. The
mixture was then subjected to magnetic stirring at a temperature of 70 °C for a duration
of 2 h. The resulting mixture was then subjected to a centrifugal process to separate the
solid residues. The upper layer, or the “supernatant,” was collected and stored at 4 °C for
subsequent use.

In contrast to the numerous other plant extracts employed in green synthesis, which are
typically derived from leaves, flowers, or seeds, apricot kernel peel extract is an inexpensive,
underutilized agricultural by-product that is abundant in bioactive compounds, including
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ascorbic acid, polyphenols, and flavonoids. It functions as both a reducing and stabilizing
agent in the synthesis of nanoparticles while concurrently contributing to the principles of
a circular economy through the valorization of agro-waste.

2.3. Synthesis of e-Fe;O3 NPs

The synthesis of ¢-Fe;O3 NPs was carried out in accordance with the protocol de-
scribed by Mohammed et al. with modification [19]. The following reagents were utilized:
0.811 g of FeCls. The 6H,O solution was prepared by dissolving 6H,O in 100 mL of distilled
water. The solution was then subjected to heating at 80 °C under continuous stirring for
a duration of 45 min, with the objective of achieving complete dissolution. Subsequently,
50 mL of apricot kernel shell extract was added dropwise to the FeCls. The result of the
dissolution of six molecules of water is a solution that is dark orange in color. A 20 mL
solution of 1M sodium hydroxide (NaOH) (pH = 11) was added dropwise to an orange
solution, resulting in a color change from dark orange to black. This color change indicates
the formation of e-Fe,O3 NPs. The resulting black precipitate was washed five times with
distilled water and ethanol to remove impurities and then collected by centrifugation.
The e-FepO3 NPs were then subjected to vacuum drying at a temperature of 25 °C for the
purpose of subsequent characterization.

The following is a simplified reaction:

FeCl; + Bio-reducingagents +NaOH — ¢ — FepO3N + byproducts (water, salts)

heat, stirring

In the context of employing exclusively Fe3* precursors, the polyphenols and
flavonoids inherent in the plant extract facilitate the nucleation of metastable e-Fe,O3
under mild conditions.

2.4. Synthesis of Fe304 NPs

The synthesis of Fe3O4 NPs was carried out in accordance with the protocol outlined
by Abd et al. [20]. This involved the dissolution of 1.16 g of FeCl; in a suitable solvent.
The solution consists of six moles of water and 0.43 g of FeCl,. A solution of 4H,0
in 100 mL of distilled water was prepared, with the molar ratio of Fe3* to Fe?* set at
2:1. The solution was subjected to continuous stirring at 80 °C for a duration of 45 min.
Thereafter, 20 mL of apricot kernel shell extract was added dropwise, resulting in the
transformation of the solution into a dark orange hue. Following a 5 min waiting period,
20 mL of a 1 M NaOH solution (pH = 11) was added dropwise, resulting in a color change
from dark orange to black. This change indicates the formation of Fe304 NPs. The black
precipitate was meticulously washed five times with distilled water and ethanol to eliminate
impurities. It was then collected by centrifugation and dried under vacuum at 25 °C for
subsequent analysis.

The following is a simplified reaction:

2Fe®" 4 Fe*™ 4 80OH ™ + bio-reducing/capping agents — Fe304(NPs) + 4H,0

The selective formation of Fe;Oy4 versus ¢-Fe;Os is primarily dependent on the
Fe3* /Fe?* precursor ratio. In the presence of Fe?* ions at a molar ratio of 2:1 to Fe®*
ions, the formation of magnetite (Fe3O4) nanoparticles occurs under basic conditions. In
this environment, Fe?" is stabilized by the bioactive compounds present in the plant extract,
thereby promoting the formation of the mixed-valence Fe3O4 phase.
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3. Characterizations

The synthesized e-Fep;O3 NPs and Fe3O4 NPs were subjected to a comprehensive
physicochemical characterization using a variety of analytical techniques.

High-performance liquid chromatography (HPLC) analysis was performed on a Shi-
madzu LC-20ADXR system (Shimadzu Corporation, Kyoto, Japan) (low-pressure gradient
mode) using an Ultra C18 column (250 x 4.6 mm, 5 um). The mobile phase consisted of
0.1% acetic acid (A) and acetonitrile (B), with a gradient from 10% to 100% B (0-55 min),
followed by a return to initial conditions at 60 min (total run time: 70 min). Flow rate: The
flow rate was set at 1.0 mL/min, and the injection volume was 10 pL, as measured by an
SIL-20ACXR autosampler.

The detection process was carried out using a PDA detector (SPD-M20A) set at 250 nm.
The column temperature was maintained at 30 °C, with a wavelength range of 190-800 nm.
The sampling rate was 1.5625 Hz, and the time constant was 0.640 s.

The experimental procedure involved the implementation of FTIR spectroscopy, which
was conducted using an IRTracer—100 spectrometer. Spectroscopic data were collected
in the 4000400 cm 1 range, with a resolution of 4 cm~ 1. To ensure accuracy, 32 scans
were taken at room temperature under dry conditions. XRD analysis was performed using
a PANalyticalX'Pert Pro diffractometer equipped with a copper anode (CuK« radiation,
A =1.54 A). The data were collected over a 20 range of 5-110°, with a step size of 0.02° and
a scan speed of 0.5°/min. The morphology and size distribution of the nanoparticles were
examined using a field-emission SEM (FE-SEM, Thermo Fisher Apreo 2 C) (Thermo Fisher
Scientific, Waltham, MA, USA) This instrument is equipped with an FEG-Schottky field
emission gun and a Gemini® ultra-fine electron column for high-resolution imaging at low
accelerating voltages. TGA and differential thermal analysis (DTA) were conducted using
a SETARAM Labsys Evo device under a nitrogen atmosphere at a flow rate of 40 mL per
minute. The samples were subjected to analysis within a temperature range of 30-800 °C
at a heating rate of 10 °C/min. The spectral reflectance of the samples was measured
using an SP-UV 500DB/VDB dual-beam UV-Vis spectrometer (manufactured by Spectrum
Instruments, South Bank, Victoria, Australia) over a wavelength range of 200-900 nm.

4. Results
4.1. HPLC Analysis of Apricot Kernel Peel Extract

A thorough HPLC analysis of the aqueous extract of apricot kernel peel was con-
ducted, revealing the presence of a complex mixture of bioactive compounds. This analysis
confirmed the potential of the extract as a natural reducing and capping agent for the
green synthesis of iron oxide nanoparticles. The extract contains a variety of identified
compounds, including ascorbic acid (C¢HgOg), pyrocatechol (C¢HgO,), salicin (C13H1307),
and esculin (C15H140y). Caffeine (CgH19N4O,), vanillic acid (CgHgOy), rutin (Co;H3¢O15),
vanillin (CgHgO3), caffeic acid (CoHgOy), salicylic acid (CzHgO3), and enamic acid (CoHgO5)
were identified in the given sample. Furthermore, the presence of additional, more intricate
compounds was ascertained; nevertheless, their precise identification proved to be arduous
due to the intricacy of the extract. Table 1 presents the proportions of certain compounds
present in apricot kernel peel extract.

A review of the scientific literature reveals the presence of several compounds in apri-
cot kernel peel extract, including xylans (xylooligomers, or xylose) [21-24], carbohydrates
(sugars, glycosides, and starch) [21], acetic acid [22], uronic acids [21], and lignin [22-24].
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Table 1. Some compounds found in apricot kernel peel extract.

Chemical Compounds of the Apricot Kernel Shells Percentage

ascorbic acid (CgHgOg) 0.50%
pyrocatechol (C¢HgO») 0.36%
salicin (C13H1807) 0.34%
esculin (C15H1609) 0.30%
caffeine (C8H10N402) 0.36%
vanillic acid (CgHgO4) 2.67%
rutin (Cy7H30016) 0.56%
vanillin (CgHgOg,) 0.30%
caffeic acid (C9HgOy) 1.10%
salicylic acid (C;HgO3) 0.34%
enamic acid (CoHgO5) 1.60%

4.2. FTIR Analysis

An FTIR spectrum of ¢-Fe;O3 NPs is depicted in Figure 1a. The broadband observed
at 3379 cm ! is attributed to the stretching vibration of hydroxyl groups (OH). The absorp-
tion bands observed at 1650 cm~! and 1500 cm ™! are attributed to the asymmetric and
symmetric bending vibrations of carbonyl groups (C=0), respectively. The absorption band
at 1350 cm ! is attributed to the stretching vibrations of C-O bonds, indicating the presence
of organic functional groups. These functional groups are likely the result of residual com-
pounds present in the apricot kernel peel extract utilized during the synthesis process [25].
In the range of 648 cm~! and below, an intense band is attributed to the Fe-O stretching
mode, with a characteristic absorption of e-Fe;O3 identified at 560 cem ™1 [25]. Figure 1b
presents the FTIR spectrum of the Fe304 NPs. As indicated by the extant literature, the
presence of an absorption band beyond 600 cm ™! is not ordinarily observed in the case of
magnetite. The presence of an intense band at 1000 cm ! serves as a confirmation of the
occurrence of the magnetite phase [26].

h|

Transmittance (%)
Transmittance (%)

648 ' /
— &-Fe,0,PNs 594 — Fe;0, PNs

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™")

Wavenumber (cm™)
(a) (b)

Figure 1. FTIR spectra of (a) e-Fe;O3 NPs and (b) Fe3O4 NPs.

4.3. XRD Analysis

Figure 2a,b illustrate the XRD analysis of e-Fe;O3 NPs and Fe;O4 NPs, respectively.
The e-Fe,O3 NPs demonstrate specific peaks at 18.57° (002), 30.59° (013), 35.50° (210), 43.27°
(114), 57.00° (311), 62.70° (322), and 81.60° (422), thereby verifying their orthorhombic
configuration (JCPDS card No. 98-017-3025). These results substantiate the effective
synthesis of the e-Fe;O3 phase. In a similar manner, the Fe30O4 NPs exhibit characteristic
peaks at 18.13° (111), 30.30° (022), 35.92° (113), 43.87° (004), 72.81° (026), and 78.95° (444).
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These peaks correspond to an orthorhombic structure, as indicated in JCPDS card No.
98-009-6012. These observations confirm the successful synthesis of the Fe3O4 phase.

g 2= &8 ] s §F = g 3
1 L1 [ T 8= s s 3
€-Fe,0; NPs JcPDs carte n° 98-017-3025 L | | [ 1
— - Fe304 NPs JCPDS carte n° 98-009-6012
s s
© s
= z
': =
w =
o= =
2 E
=
10 20 30 40 5 60 70 80 o2 % 4 N & T &
2theta (degree) 2theta (degree)
(a) (b)

Figure 2. XRD analysis of (a) e-Fe;O3 NPs and (b) FesO4 NPs.

Furthermore, crystal size measurements were determined from the full width at half
maximum (FWHM) of the strongest reflections at the highest height. This was performed
using the Scherrer approximation, which assumes that small crystal size is the cause of line

broadening (Equation (1)) [27].
L= 0.89A 1)

3cosO
where L represents the crystal size, A is the X-ray wavelength, 6 stands for the Bragg
diffraction angle, and 3 is the FWHM of the diffraction peak.
The mean crystal size of the nanoparticles was determined to be approximately 30 nm
for Fe304 NPs and 70 nm for e-Fe;O3 NPs. These values were obtained from the FWHM of
the (111) diffraction peak for Fe304 and the (012) peak for e-Fe,Os.

4.4. Morphological Characteristics and Elemental Composition

The successful synthesis of Fe304 and e-FepO3 NPs was confirmed by SEM images
(see Figure 3a—c). The NPs displayed a well-defined crystalline structure, with sizes
ranging from 30 to 70 nm. EDX analysis further corroborated these findings, unveiling
compositional variations influenced by the synthesis conditions and the specific iron oxide
phase. For Fe304, oxygen accounted for 26.0 wt% (55.1% atomic concentration), while iron
constituted 74.0 wt% (44.9% atomic concentration), confirming the presence of magnetite.
In e-Fe;O3, oxygen was present at 41.8 wt% (71.5% atomic concentration) and iron at
58.2 wt% (28.5% atomic concentration), validating its formation. The presence of additional
peaks in the EDX spectrum indicates the incorporation of elements from the apricot kernel
shell extract into the NP composition [19] (Figure 4a—c). The yellow circles in Figure 3a,b
and Figure 4a,b indicate the regions where nanoparticles have accumulated.
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Figure 3. SEM images of the synthesized Fe304 NPs at (a) 2 um scale with 25,000 x magnification
and (b) 5 um scale with 10,000 x magnification and (c) the EDX of Fe3O4 NPs.
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Figure 4. SEM images of the synthetized e-Fe,O3 NPs at (a) 2 um scale with 25,000 x magnification

and (b) 5 um scale with 10,000 x magnification. (c) The EDX analysis of e-Fe;O3 NPs.
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4.5. Thermal Properties

As illustrated in Figure 5a,b, the thermal stability and decomposition profiles of
Fe304 NPs (a) and e-Fe;O3 NPs (b) are evident. The Fe304 NPs undergo a four-stage
decomposition process, resulting in a residual mass of 40.65% at 800 °C. The initial stage
demonstrates a 10.4% weight reduction between 50 and 75 °C, subsequently followed by a
6.9% reduction between 75 and 150 °C, which is predominantly ascribed to the evaporation
of adsorbed water. A more substantial weight loss of 39.4% occurs between 150 and 235 °C
and continues up to 800 °C due to the dehydration and decomposition of organic substances.
It has been demonstrated that a 2% increase in weight loss is predominantly associated
with the decomposition of organic functional groups (e.g., polyphenols, flavonoids, and
proteins) derived from the apricot kernel extract, which are adsorbed or loosely bound to
the NP surface.

100 "—
-10 4
E\i g-zg.
8 $
£ 5301
) 39.4% 2
$ 60 B .
504
2.65% -50
I .
40 235°C ~ -
T T T T T T I800 c -60 | - F9304 NPS
100200 300 400 500 600 700 800 160 260 360 460 560 660 7(I)0 860
Temperature (°C) Temperature (°C)
(b)
100+ 0.001
9 =0.06
g%- 9
<-0.10+
g 97 g
* on T
g 96 20161
2 95 a
=0.204
94
934 =0.26
. — 00 ——eFe0,NPs
100 200 300 400 500 600 700 800 ’ . N . N . - , .
0 0 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)
(c) (d)

Figure 5. Thermal behavior of Fe30,4 and e-FepO3 nanoparticles: (a) TGA of Fe3Oy, (b) DTA of Fe3Oy,
(c) TGA of ¢-Fe;O3, and (d) DTA of ¢-Fe,Os5.

Conversely, e-Fe;O3 NPs exhibit superior thermal stability, retaining 92.7% of their
original mass at 800 °C through a four-step decomposition process. A minor mass loss of
0.95% was observed between 50 and 120 °C, followed by a 1.61% loss between 120 and
250 °C. This was associated with the removal of adsorbed water and volatile compounds
from the apricot bark extract. The third stage, occurring between 250 and 350 °C, results in
a 2.05% mass loss due to the progressive degradation of organic material. At temperatures
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ranging from 350 to 620 °C, an additional loss of 1.56% is observed, which can be attributed
to the decomposition of structural organic groups, such as polyphenols, flavonoids, and
proteins, that are adsorbed on the NP surfaces.

At temperatures above 620 °C, mass loss is negligible, thereby confirming the excep-
tional thermal stability of e-Fe;O3. The findings demonstrate that e-Fe,O3 NPs exhibit
significantly higher thermal stability compared to Fe3O4 NPs. Table 2 shows a summary of
the TGA results, comparing the thermal stability and decomposition behavior of e-Fe;O3
and Fe;O4 nanoparticles.

Table 2. The TGA results comparing the thermal stability and decomposition characteristics of
e-Fep;O3 NPs and Fe3O4 NPs.

e-Fe;O3 NPs Fe304 NPs
Property
T (°O) Mass Loss (%) T (°O) Mass Loss (%)

1st weight loss 50—-120 0.95 50-75 10.4

2nd weight loss 120—-250 1.61 75—150 6.9

3rd weight loss 250—-350 2.05 150—235 39.4

4rd weight loss 350—620 1.56 235—800 2.65

5rd weight loss 620—800 1.13 / /
Residual at 800 °C 800 92.7 800 40.65

5. Optical Properties
5.1. Reflectance

As demonstrated in Figure 6, both Fe3O4 NPs and e-Fe;O3 NPs demonstrate a consis-
tent reflectance of 0.05 under incident light at wavelengths ranging from 200 nm to 600 nm,
followed by an enhancement to 0.37.

Energy (eV) Energy (eV)
15 25 3 '35 4 45 555665 15 2 25 3 35 4 45555665
0.40 T T T 0.40 T T T
0.35 4 Fe;0, NPs 0.35 4 __E—F6203 NPs ]
Reflect Reflection as a function
eflection
0.30 4 0.30 4 of Energy e
as a function

° Reflection o Reflection as a function
g 025+ of Energy as a function S 0.254 of wavenumber b
8 of wavenumber ol
8 0204 / \Q 8 0204 N 4
= =
& &

0.15 4 0.15 E

0.10 4 0.10 e

0.05 4 0.05 4 e

0.00 T T T T T T T T 0.00 T T T T T T T T

100 200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
Wavenumber (nm) Wavenumber (nm)
(a) (b)

Figure 6. Reflectance spectra of (a) Fe3O4 nanoparticles and (b) ¢-Fe,O3 nanoparticles.

5.2. Refractive Index

The refractive index can be determined using the following equation:
. 1+ +vR
1-vVR

where R is the reflectance, defined as the ratio of reflected to incident light intensity
(dimensionless, with values between 0 and 1), and n represents the refractive index of

)

the material.



Physchem 2025, 5, 33

10 of 14

As illustrated in Figure 7, the refractive indices of Fe3O4 and e-Fe,O3 NPs are pre-
sented. A comparable trend is exhibited by both, wherein the refractive index decreases

from a maximum value of 1.45 to 1.05 and then stabilizes.

Wavenumber (nm)

Wavenumber (nm)

150 300 450 600 750 900 150 300 450 600 750 900
15 T T T T T T 1.5 T T T T T
Fe;O, NPs e-Fe,0; NPs
1.4 4 - 1.4 4
x Refractive index x Refractive ind
% Refractive index a8 a function g eiractive Index Refractive index
£ 134 as a function R £1.34 as a function as a function
® of wavenumber Fo) of Energy
2 of Energy 2 of wavenumber
: — ~ E /
5 124 b G121
& ©
114 J 1.1
1.0 T T T T 1.0 T T T T
2 3 4 5 6 2 3 4 5 6
Energy (eV) Energy (eV)
(a) (b)

Figure 7. Refractive indices of (a) Fe304 nanoparticles and (b) e-Fe,O3 nanoparticles.

5.3. Band Gap

Electronic transitions are a pivotal factor in the absorption of light and can be described
by the Tauc equation as follows [28]:

(ahd)P = A(hd — Ey) &)

where I is the energy of the incident photons, « represents the absorption coefficient, A
stands for a constant, / is Planck’s constant, and B is a transition-dependent exponent.
The values of B that are permitted are 1/2 and 2 for direct and indirect transitions,
respectively. Meanwhile, the values 3/2 and 3 are forbidden [29]. Preliminary experimental
observations suggest that § falls within the range of 0.925 to 1.083, indicating a potential
direct electronic transition. The band gap (E;) is determined from the Tauc plot by ex-
trapolating the linear portion of the (ah9)? vs. h¢ curve to the energy axis. As illustrated
in Figure 8, the relationship between (ah®)? and photon energy (h9) for Fe;O4 NPs and
e-FepO3 NPs is evident. The estimated band gap values are 2.59 and 2.75 eV, respectively.
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Figure 8. (ochv)? versus hv plots for (a) Fe304 nanoparticles and (b) e-Fe,O3 nanoparticles.
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5.4. Optical Conductivity
Optical conductivity (o) is determined using the following relationship [20]:
cnu
i @

where o represents optical conductivity, ¢ stands for the speed of light in vacuum, and « is
the absorption coefficient.

The variation in optical conductivity as a function of photon energy for Fe;04 NPs
and ¢-Fe;O3 NPs is demonstrated in Figures 9a and 9b, respectively. The results indicate
that for Fe304 NPs, optical conductivity increases between 1.37 eV and 6.2 eV, after which it
stabilizes. A similar trend is observed in the case of e-Fe;Os nanoparticles, with an increase
from 1.35 eV to 6.22 eV, followed by a plateau.
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200 400 600 800 1000 200 400 600 800 1000
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204
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&

e-Fe,0; NPs
0.0 T T T 0.0 T T T
2 3 4 5 6 2 3 4 5 6
Energy (eV) Energy (eV)
(@) (b)

Figure 9. Optical conductivity of (a) Fe304 NPs and (b) e-Fe;O3 NPs as a function of photon energy.

5.5. The Extinction Coefficient

The extinction coefficient (k) is calculated using the appropriate equation [20]:

al
k= e (5)

where k represents the extinction coefficient, « is the absorption coefficient, A is the wave-
length of light, and 7t is the mathematical constant.

The value of k is contingent upon the wavelength of light. The extinction coefficient
for Fe3O4 NPs exhibits a range from a minimum of 39 to a maximum of 300. A similar
trend is observed for ¢-Fe;O3 NPs, where k varies between 37 and a maximum of 280, as
illustrated in Figure 10. A higher k value indicates greater light absorption, rendering these
materials suitable for photothermal and sensing applications.

As illustrated in Table 3, a synopsis of the optical properties of e-FepO3 and FezO4
nanoparticles is provided, alongside a comparison with values reported in the extant
literature. The close agreement between the experimental results and literature data
supports the successful synthesis of the nanoparticles.
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Figure 10. Extinction coefficient of thin films of (a) Fe304 NPs and (b) ¢-Fe,O3 NPs as a function of

photon energy.

Table 3. A summary of the optical properties of e-Fe;O3 and Fe3O4 NPs.

Optical Properties

e-Fe, O3 NPs

Fe304 NPs

Literature References

Constant reflectance (R)

0.05 to a maximum of 0.37

0.05 To a maximum of 0.37

Fe304 Rypgx = 0.2 [20]

Refractive index (1)

1.05 to a maximum of 1.45

1.05 to a maximum of 1.45

Fe3O4 110x = 1.5 [20]

Band gap E; (eV)

2.75

2.56

Fe3O4 2.2 [20]
Fe304 2.51—3.01 [30]

o-Fey05 1.94—2.27 [31]

Optical conductivity o (eV)
x 108

1.35 to a maximum of 6.22 1.37 to a maximum of 6.2 Fe304 0 (eV)max = 60 [20]

Extinction coefficient (k)

37 39 toa ma(>)<‘i5mum of
to a maximum of 280 to a maximum of 300 0.65 [20]

The material displays a notable variation in reflectance with wavelength, indicative
of photonic crystalline behavior, which is advantageous for optical sensors, liquid crystal
devices, and photonic applications requiring stable reflection patterns. The low refractive
index values of the material indicate high transparency and minimal scattering, both of
which are critical properties for the application of optical coatings. The band gap, which
was measured to be between 2.50 and 2.75 eV, is indicative of the material’s semiconduct-
ing nature, as evidenced by its ability to absorb visible light. This property renders the
material suitable for applications such as photocatalysis, photodetection, and sensing. The
broad optical conductivity (1.35-6.22 eV) facilitates efficient absorption from near-infrared
to ultraviolet, thereby enhancing its potential in optoelectronic and photocatalytic appli-
cations. The high k values indicate a high density of electronic states and free carriers,
suggesting metallic optical behavior. Collectively, these properties position the material as a
promising candidate for photothermal coatings, electromagnetic shielding, and broadband
black coatings.

6. Conclusions

The utilization of apricot kernel shell extract (Akse) as a natural reducing agent facili-
tated the effective synthesis of Fe3O4 NPs and e-Fe,O3 NPs, employing FeCls 4H,0O and
FeCl, 6H,O. This environmentally friendly synthesis was carried out at 80 °C and resulted
in the formation of NPs with particle sizes ranging from 30 to 70 nm. The confirmation of
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Fe304 NPs and e-Fe;O3 NPs was conducted through FTIR spectroscopy, XRD SEM, and
X-ray EDX analysis. The evaluation of their thermal stability was performed using TGA
and DTG. The optical properties of the synthesized NPs were investigated, and the band
gap energy was estimated using the Kubelka—Munk formula. The results demonstrated a
band gap of Eg (Fe3O4 NPs) = 2.59 eV and E; (¢-Fe;03 NPs) = 2.75 eV, thereby confirming
their semiconductor behavior. The photoconductivity of Fe304 NPs and ¢-Fe;O3 NPs
was subsequently analyzed as a function of photon energy. For Fe;O; NPs, the photo-
conductivity exhibited an increase between 1.37 eV and 6.2 eV, subsequently reaching a
state of stability. A comparable trend was observed in e-Fe,O3 NPs, demonstrating an
increase from 1.35 eV to 6.22 eV, followed by a period of stabilization. Furthermore, k
was determined; for Fe3O4 NPs, k varied from 39 to a maximum of 300, while for ¢-Fe,O3
NPs, it varied from 37 to a maximum of 280. A higher k value indicates a high level of
light absorption, which renders these Fe3O4 NPs and e-Fe,O3 NPs highly suitable for
photothermal and sensor applications.
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