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the synthesis of cobalt-doped Fe;O4 magnetic nanoparticles at room temperature. This
new method is environmentally friendly used ultrasound irradiation to control the
morphology and growth of MNPs, minimizing the use of high temperatures and toxic
chemicals. Both of Fe;0,4 and Co3z0O4 phases are confirmed by the XRD analysis, with
an average crystallite size of 10.9 + 0.5 nm. A spherical morphology of the synthesized
nanoparticles is revealed by FE-SEM images with an average particle size of 33.26 nm.
EDX and mapping confirmed Fe, Co, and O presence. Photoluminescence (PL) studies
showed increased PL intensity for the synthesized nanoparticles compared to undoped
Fe3;04, due to enhanced surface defects, light absorption, and surface area. The broader
3D pL excitation spectrum of Cos;0; in the doped nanoparticles was investigated. These

0 W5 - results indicate that this method is simple procedure used to prepare Co-doped Fe;O4

nanoparticles with improved photoluminescence properties for applications in bio

imaging, drug delivery, sensing, data storage, and environment treatment.
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1. Introduction

Magnetic nanoparticles have arisen as very
important materials in recent decades due to their wide-
ranging applications, including chemistry, engineering,
acoustics, magnetic  hydrodynamics,  physics,
biotechnology/biomedicine, computational modeling,
water purification, heavy metal removal, and other
applied sciences [1-3]. Doping magnetic nanoparticles
(DMNPs) with cobalt (Co) or manganese (Mn) shows
a powerful approach to improve their performance.
Such doping modifies surface properties, improving
their chemical reactivity, and can also increase
magnetic field strength, potentially leading to
superparamagnetic  behavior [4-6]. Cobalt-doped
magnetite (CoxFes.«O4) is one of DMNPs a material has
used in various applications, particularly those
leveraging its optical and magnetic properties [7,8].
Traditional synthetic methods for nanoparticles often
involve the use of hazardous chemicals, high
temperatures, and cruel reaction conditions, raising
environmental concerns. Therefore, the synthesis of
nonmaterial with cost-effective, environmentally
benign, and energy-efficient methodologies is
considered green synthesis. The one of green synthesis
is sonochemical method, which harnesses the power of
ultrasound for synthesis nanoparticles. This method
offers several advantages, such as lower energy
consumption, decreased reliance on harmful solvents,
and controlling nanoparticle morphology and growth
[9-11]. The combination of sonochemical synthesis
with the co-precipitation method at room temperature,
without heating, further increases these advantages.
The ultrasonic technique provides control over the
morphology and particle size of the resulting
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nanoparticles [12]. Furthermore, the room-temperature
approach  reduces costs, minimizes energy
requirements, and it's more environmentally friendly.
The use of less toxic or even water-based solvents, the
suppression of side reactions, and of fewer solvents all
contribute to minimizing environmental impact,
making this method greener and simpler [13]. The
photoluminescence (PL) properties of Co-doped Fe3zO4
MNPs are influenced by the creation of defects in the
crystal lattice. These defects introduce new energy
levels within the band gap, which can act as traps for
electrons or holes, thereby influencing the way the
MNPs interact with emit and absorb light [14]. Doping
Fe3;04 MNPs can either enhance or quench PL intensity,
depending on the dopant element. In the case of cobalt
(Co) doping, an increase in PL intensity is typically
observed [15]. This enhanced luminescence opens up
exciting possibilities for applications in areas such as
medical, bio imaging, and sensing. This study explores
the green sonochemical synthesis of Co-doped Fe3O4
MNPs, characterizing their structural, morphological,
and photoluminescence properties to understand the
influence of cobalt doping on their performance.

2. Experimental Part

All chemicals were high purity and used directly
without purification. Beam Gostar Taban Company in
Tehran, Iran, conducted characterization of the surface
properties of the Co-doped Fe3;O4 MNPs.

A co-precipitation method was employed to
synthesize Co-doped Fe;O4 MNPs. Initially, 25 mL of
0.8 M FeCl; (299.0%) and 25 mL of 0.4 M FeCl,
(>299.0%) were combined under vigorous magnetic
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stirring (500 rpm) for 30 minutes at room temperature
to homogenize the (Fe?*"/Fe’*=1:2) solution.
Subsequently, 25 mL of 0.4 M Co(NOs3), 6H,O
(>98.0%) was introduced into the mixture, followed by
continuous magnetic stirring for 30 minutes to ensure
uniform incorporation of cobalt ions. The resultant
solution was then subjected to probe ultrasonication (20
kHz, 50% amplitude) for 30 minutes to reduce
agglomeration and facilitate nanoparticle nucleation.
For precipitation MNPs, 75 mL of 5 M NaOH (>97.0%)
was added dropwise (1-2 mL/min) to the stirred
solution until a black-brown precipitate formed,
indicating the formation of MNPs. The suspension was
stirred for an additional 30 minutes to complete the
reaction. The MNP precipitate was separated and
washed numerous times with deionized water until the
supernatant reached neutral pH, and dried at 60°C for 6
hours (Fig. 1). To prepare undoped Fes304
nanoparticles, all steps were repeated without the
addition of Co(NO3), 6H,0.

ultrasonic probe

Co™

Co-doped FesO4 MNPs

Fig. (1) Scheme of synthesis Co-doped Fe;O; MNPs using
sonochemical co-precipitation method

3. Results and Discussion

The formation of cobalt-doped magnetite
(CoxFes;_x0,4) depends on the Schikorr reaction, which
describes the formation of magnetite (Fe3O4) through
the following reactions [16]:

First: Dissociation of iron salts in water:

FeCl3 (aq) — Fe** (aq) + 3C1™ (aq)

FeCl; (aq) — Fe?* (aq) + 2C1" (aq)

Second: Reaction with NaOH:

Fe**(aq) + 30H™(aq) — Fe(OH);3 (s) (Ferric Hydroxide)
Fe?**(aq) + 20H™(aq) — Fe(OH); (s) (Ferrous Hydroxide)
Third: The iron hydroxides react to form magnetite
(Fe304):

2Fe(OH)3(s) + Fe(OH), (s) — FesO4 (s) +4H,0 (1)

The Schikorr reaction is a simultaneous reduction-
oxidation reaction where Fe(OH)3 is reduced to Fe**
ions while Fe(OH)y is oxidized to Fe** ions, leading to
the formation of Fe30s.

After cobalt doping, the reaction becomes:
xCoCl; (aq) + 2FeCl; (aq) + (1-x)FeCl; (aq) + 8NaOH (aq)
— CoyFe3_«O4 (s) + 8NaCl (aq) + 4H,O (1)
where 'x' represents the amount of cobalt incorporated.
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However, the basic Schikorr reaction remains the core
process for the formation of the Fe3O4 component, even
when cobalt is incorporated into the Fe3;O4 structure

X-ray diffraction (XRD) with a Shimadzu XRD-
6000 diffractometer was employed to analyze the
crystalline structure of the produced nanoparticles.
Measurements were conducted under Cu Ka radiation
(L= 1.54 A) across a 20 angular range of 10°-80°.
The Debye-Scherrer formula was used to estimate the
crystallite size [17]:

ki

= Bcos6 (1)
where D represents the crystallite size, A is the X-ray
wavelength (1.54 A), k is the Scherrer constant, B or
FWHM denotes the full width at half maximum of the
diffraction peak, and 8 is the diffraction angle

The calculated crystallite size averaged 10.9+0.5
nm, consistent with nanoscale dimensions, as derived
from the (311) reflection of the magnetite phase
(Fe3O4). The XRD pattern of Co-doped Fe;Os MNPs
MNPs synthesized by co-precipitation method shows
the diffraction peaks at 260 = 18.36°, 30.27°, 35.62°,
43.12°,53.28°, 57. 02°, and 62.51° corresponding to
crystal planes of (111), (220), (311), (400), (422),
(511), and (440), this indicates that the crystalline
structure of Fe30s MNPs can remain after combining
with Co304. Six peaks of Co3O4 appeared at 18.36°
(111), 30.27° (220), 35.62° (311), 39.18 ° (222), and
43.12° (400) [18]. Two peaks appearing at 24° and
46.7° are not from a single phase but rather from the
combined contributions of Fe3;O04 and Co0304 due to
overlapping peaks. This is a common phenomenon in
mixed-phase nanomaterials with spinel crystal
structures of Fe3O4 and Co304 (Fig. 2).
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Fig. (2) XRD patterns of: (a) red line is the code of AMCSD
0007824, (b) blue line is the code of AMCSD 0007469, (c) Fe;O4
MNPs, and (d) Co-doped Fe3O, MNPs using sonochemical co-
precipitation method

Energy-dispersive x-ray spectroscopy (EDX)
analysis offers quantitative and qualitative knowing
insights into the elements present in the sample [19]. In
this study, EDX with a JEOL JSM-6510 LV instrument
(Japan) was used to determination of the elemental
composition of the cobalt-doped Fe3;O4 MNPs. Figure
3 shows that the iron, cobalt, and oxygen were detected,
indicating these elements effective distribution within
nano sample. The element type and its oxidation state
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were detected by the energy level of each peak of EDX.
In the spectrum of Figure 3, the iron peaks refer to the
Fe’* state (characteristic of iron in magnetite). In the
spectrum, the presence of iron in multiple oxidation
states (Fe?** and Fe**) were appeared at 0.7 keV and 6.4
keV. Moreover, the presence of cobalt in two different
oxidation state (Co** and Co**) were found at 6.9 keV
and 7.5 keV. A single peak was also observed for
oxygen [20].
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Fig. (4) EDX mapping of Co-doped Fe3;O, MNPs

The visual representation of elemental distribution
across the sample is creates by EDX mapping technique
[21]. The comparison of copper, iron, and oxygen in the oecse | smwwran  Hom e
nonmaterial distribution patterns before and after the E— —
diffusion process is shown in Fig. (4). The morphology :c"sog.,sp;’simi;f”m.?' »
of the surface and composition of nano samples is study o
by using JEOL JSM-6510 LV field-emission scanning ]
electron microscope (FE-SEM) [22]. FE-SEM images ]
revealed that the Co-doped Fe;O, MNPs exhibited a
spherical morphology and shape (Fig. 5). The average
size of the Co-doped Fe;0, MNPs was determined to
be 33.26 nm by using Gaussian fit of size distribution.
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Fig. (5) FE-SEM image at 10 pm, 500 nm, and 200 nm, and
histogram of particle size distribution for Co-doped Fe3O, MNPs
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Photoluminescence (PL) analysis is a technique
used to investigate the energy levels and electronic
transitions and in nanomaterial. In this technique, the
nanomaterial is excited with light of a specific
wavelength, and then the emitted light from the
nanomaterial is analyzed [23]. The intensity and
emitted light's wavelength provide information about
the material's defect states and band gap [24,25]. The
PL measurements were conducted using a PerkinElmer
LS55 spectrometer (Germany). The PL intensity of the
C0304/Fe3;04 MNPs was observed to be higher than that
of the Fe;04 MNPs. This is due to the higher surface
area of C0304/Fe304 MNPs compared to Fe;Os MNPs,
which means that there are more active sites for photo-
excitation and PL emission. On the other hand, the
addition of Co0304 to Fe;O4 leads to increased light
absorption, which results in a higher number of excited
electrons, resulting in increased emission intensity.
Moreover, the addition of Co3O4 to Fe;O4 increases
surface defects. This leads to the reduced
recombination of electron-hole pairs onto the surface of
C0304/Fe304 MNPs, leading to stronger PL emission.

The energy gap can calculate by following [26]:

1240
B, (eV) = 2210 @

where A is the wavelength of absorbed light (nm) and
E, is the energy gap

From Fig. (6), a maximum wavelength at 616 nm
for both Co304/Fe;04 MNPs and Fe3O4 and the value
of energy gap is 2.01 eV. The comparison between the
3D PL excitation spectra of Co304/Fe;0s MNPs and
Fe3O4 MNPs can be observed in figures (7) and (8).
C0304/Fe3s04sMNPs show a broader range of excitation
wavelengths due to Co3O4 can absorb a wider range of
wavelengths compared to Fe3Os, while Fe;O4 MNPs
have PL excitation spectrum more limited in specific
range of excitation wavelengths. The quantum yield
means the efficiency of photon emission per photon
absorbed, the addition Co304 leads to increasing in the
quantum yield due to the efficient energy transfer and a
broader range of emission from C030s.
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Fig. (6) PL excitation spectra of Co-doped Fe3O, MNPs and

F0304 MNPs
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Fig. (7) 3D PL excitation spectra of Co-doped Fe3O4 MNPs
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Fig. (8) 3D PL excitation spectra of Fe;0; MNPs

4. Conclusion

The simple sonochemical co-precipitation method
was successfully used to synthesize Co-doped Fe3O,
MNPs at room temperature in this study. The
characterization results confirmed the successful
incorporation of cobalt into the Fe3O, lattice, leading
to the formation of CoxFes;_xO, and successful
controlling the size and morphology. The Co-doped
Fe3O0, MNPs exhibited a considerably higher PL
intensity compared to Fe3O, MNPs due to an increase
in active sites for photoexcitation and PL emission,
resulting from the larger surface area of the Co-doped
Fe;0, MNPs. Moreover, the higher PL intensity of the
Co-doped Fe;0O, MNPs is attributed to both increased
light absorption and increased surface defects, due to a
greater number of excited electrons and reduced
electron-hole recombination. The energy gap of both
materials is 2.01 eV at 616 nm. The above-mentioned
properties suggest that this simple and green synthesis
method is a promising alternative to traditional
methods for further enhancing the PL properties and
investigating the magnetic properties of the synthesized
materials.
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