Journal of Nano Research Submitted: 2023-05-08
ISSN: 1661-9897, Vol. 80, pp 81-96 Revised: 2023-07-12
© 2023 Trans Tech Publications Ltd, Switzerland Accepted: 2023-07-14

Online: 2023-09-05

Stabilized Bare Superparamagnetic Iron Oxide Nanoparticles:
Synthesis and Characterization

E.K. Sutert® H.L. Rutto®?, W.N. Omwoyo??, Musamba Banzal?

!Department of Chemical Engineering, Vaal University of Technology, South Africa.

2Chemistry Department, Vaal University of Technology, South Africa. Private Bag X021,
Vanderbijlpark, 1900 Andries Potgeiter Blvd.

desuter78@gmail.com, Philaryr@vut.ac.za, ‘wesleyomwoyol6@gmail.com,
dbanzajeanclaude@gmail.com
*Corresponding author: Evans Suter,
E-mail address: esuter78@gmail.com

Keywords: stabilized, magnetic, iron oxide, nanoparticles, co-precipitation

Abstract. Iron is a ubiquitous element found on Earth's crust, existing in various forms, such as
Magnetite (FesOs) and Hematite (a-Fe2Oz). Magnetic iron oxide nanoparticles (MIONPS) have
become increasingly popular because they possess unique properties such as high surface area to
volume ratio, super-paramagnetic properties, photocatalytic properties, and economical synthesis
methods. This study produced MIONPs using the co-precipitation method, stabilized by a
molybdenum magnet. Two soluble iron salts (FeCls.6H20 and FeSO4.7H20) were reacted with 5N
NH4OH solution at 80 °C in a nitrogen atmosphere. The MIONPs had a high saturation magnetization
of 74.2emul/g, good crystallinity with crystalline spinel structured magnetite phase of iron oxide, high
thermal stability depicted by 2.09 wt. % weight loss, and small particle sizes (6-25 nm). FTIR revealed
a high-intensity peak at 546.28 cm™, attributed to the Fe-O stretching bond. Furthermore, the study
showed that the co-precipitation method could be used to produce nanoparticles with a wide range of
properties that could be used for various applications. It is a promising solution for producing
stabilized magnetic nanoparticles since it uses non-toxic reagents and a straightforward, secure
technique. Therefore, it may be used to synthesize nanoparticles for targeted treatment, magnetic
resonance imaging, drug delivery, water treatment purposes and environmental remediation.

1.0 Introduction

Nanotechnology has seen rapid advances in recent years, leading to immense technological
improvements, in manufacturing, telecommunication, health, environmental remediation, electronics,
etc. [1-3]. It involves producing and utilizing nanomaterials, which are substances with sizes ranging
from 1-100 nm [4, 5]. These materials possess unique properties not found in their larger versions [6,
7]. Examples of nanomaterials include carbon-based nanomaterials, such as single-walled carbon
nanotubes (SWCNTSs) with a cylindrical shape and a single sheet of graphene, and multi-walled
carbon nanotubes (MWCNTS) consisting of multiple layers of graphene sheets [8], as well as TiO>
nanomaterials, which exist naturally in three crystalline forms (anatase, rutile, and brookite) and can
be produced using biological agents [9, 10]. Most of these nanomaterials including iron nanoparticles
have been extensively studied and reviewed.

Iron is one of the most common elements on Earth's crust. In its oxidized form, it exists in various
forms, two of the most prominent being Magnetite (FesO4) and Hematite (a-Fe203) [11,12]. Magnetic
iron oxide nanoparticles (MIONPs) have become increasingly popular due to their unique properties,
such as their high surface area-to-volume ratio, super-paramagnetic properties, photocatalytic
properties, economic and environmental friendly synthesis methods [13]. The MIONPs further offer
unprecedented versatility in applications due to their ability to be modified, coated with various
materials like polymers, lipids, silica, and gold, among others, and manipulated on an atomic scale
[14]. Furthermore, they are biocompatible, chemically inert, and environmentally friendly, making
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them ideal for combining with various biotechnological products like proteins, antibodies, peptides,
nucleic acids, etc. [15].

Researchers have been exploring physical and chemical methods to synthesize iron nanoparticles
with specific properties [16]. Different structures have been produced, such as nano-belts, nano-rings,
nano-ovals, and other nanostructures [17,18]. Advances in instrumentation have made it possible to
synthesize nanomaterials with precise sizes, controlled active sites, and mono-dispersed and well-
controlled iron oxide nanoparticles [19].

Synthesis of MIONPs can be achieved through various methods such as sonochemical,
mechanochemical, co-precipitation, and biologically mediated methods. The sonochemical process
involves the dispersion of the metal ions or cells in an aqueous media through hydrodynamic
mechanical treatment. It entails the generation of efficient cavitation’s; implosion, expansion, and
formation of microscopic gas bubbles due to the application of ultrasonic energy [20]. The action of
the hydrodynamic forces of the ultrasound on the metal ions leads to the dispersion and disintegration
of metal nanoparticles [21].

In the co-precipitation technique, reactions between salts with various solubilities in water are
regulated by factors including pH and temperature. This technique uses two or more water-soluble
salts that interact with one another [22]. As a result of the reaction, one or more water-insoluble salts
are created in the liquid phase, and precipitation occurs when the product concentration exceeds the
solubility product value in the reaction media [23]. The co-precipitation process has numerous
advantages, such as a high yield, high product purity, the lack of a requirement for organic solvents,
ease of replication, and low cost of production. In this process, newly generated ions form a shell
around the core by precipitating on its surfaces instead of dissolving in the solution [24, 25].
Mechanochemical synthesis occurs at the boundaries of continually regenerating, nanometre-sized
grains and allows chemical reactions to proceed at low temperatures in a ball mill without external
heating [26]. By choosing appropriate milling settings and adding inert diluents, nanocrystalline
particles can be created within a soluble salt matrix. Subsequent washing with the right solvents
selectively removes the matrix phase, resulting in agglomeration-free nanoparticles [27]. However,
this method consumes a significant amount of energy during the combustion process to enhance the
milling process [28]. Biological-mediated techniques utilizing bacteria and fungi have also been
employed for nanoparticle synthesis. Iron-reducing bacteria, such as Actinobacter sp., have been used
to produce spherical iron oxide nanoparticles in an aerobic setting [29]. The bacteria produce iron
reductase enzymes that facilitate the synthesis process, resulting in nanoparticles with diameters
ranging from 40 to 60 nm [30, 31]. Fungi-mediated synthesis involves using different fungi species
such as; P. chlamydosporium, A. fumigates, A. wentii, C. lunata, and C. globosum, etc. with a mixture
of ferric and ferrous salts at room temperature. The fungi secrete proteins that enhance the hydrolysis
of iron complexes, leading to the formation of crystalline magnetite particles [32, 33]. Various fungi
species have been tested for the production of iron nanoparticles, but this method can be complex,
costly, and require proper handling [34, 35].

This present study utilized co-precipitation method. The co-precipitation method influenced by a
molybdenum magnet as a precipitating stabilizer was chosen for this study due to its relative
simplicity and cost-effectiveness. The process does not require high temperatures or pressures and
allows for forming iron oxide crystals with uniform size and shape. Since the process is simple, it can
be scaled up to larger batches, making it suitable for industrial applications. Furthermore, the method
was selected since it does not produce any hazardous by-products, making it a safe and
environmentally friendly method for synthesizing iron oxide nanoparticles.

2.0 Materials and Methods
2.1 Chemicals

Iron (I11) chloride hexahydrate (FeCls.6H20) (>99%), ammonium hydroxide (5N, NH4sOH), ferrous
sulfate heptahydrate (FeSO4.7H20) (>99.5%), Molybdenum magnet, and methanol (>99.85%). All
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chemicals were purchased from Sigma-Aldrich, Merck-South Africa. The chemicals were used as
received. The entire experiment was carried out using deionized water.

2.2 Methods
2.2.1 Synthesis of MIONPs by Co-precipitation

The synthesis of MIONPs followed the schematic procedure shown in Fig.1. To synthesize MIONPS,
100 mL of deionized water was transferred to a three-neck round-bottomed flask fitted with a Liebig
condenser and a magnetic stirrer. To establish an inert atmosphere, the deionized water was degassed
by heating it to 80 °C and bubbling nitrogen gas through for 15 minutes. To the oxygen-free water,
3.1 g of ferric chloride hexahydrate and 2.1 g of ferrous sulfate heptahydrate salts were introduced
and stirred vigorously for 1 hour with the temperature maintained at 80 °C. Thereafter, 5N of NHsOH
solution was added dropwise for co-precipitation, and the mixture was stirred for an additional 1 hour
until the color turned dark brown, where the pH of the solution was 11.3. The residue was allowed to
settle with the help of a molybdenum magnet as a stabilizer for 30 min at room temperature to prevent
sedimentation of the unreacted impurities on the formed MIONPs. It was then rinsed multiple times
with a deionized water-methanol solution and separated using a centrifuge set at 5000 rpm, the
supernatant was then discarded. The resulting pure precipitate was dried overnight at 60 °C in a
vacuum desiccator. It was then kept in airtight sample holders for characterization.
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Fig.1. Flow diagram for the synthesis of MIONPs
2.3 Characterization
2.3.1. Ultraviolet-Visible (UV-Vis) spectroscopy

The UV-Vis spectrum was scanned between 200 nm to 600 nm wavelengths using JASSCO-V 650
UV-Visible Spectrometer. Before the analysis, the nanoparticles were dissolved in toluene and placed
in a 1 cm path-length quartz cuvette. The spectrophotometer was set to a wavelength range of 200 to
600 nm, and toluene was used as the reference solvent. The measurements were then taken, and the
results were recorded.

2.3.2. Photoluminescence (PL) Spectroscopy

Photoluminescence (PL) was carried out to understand the illumination of the absorption and
emission spectrum of the prepared MIONPs. A xenon lamp and a Perkin Elmer 45 Photoluminescence
(PL) spectrometer were used to capture the MIONPs emission spectra at room temperature. The
sample was placed in a 1 cm glass cuvette with toluene as the solvent.
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2.3.3 Vibrating sample magnetometer

The vibrating sample magnetometer- 7404 (VSM) was used to measure the magnetic characteristics
of the synthesized magnetite nanoparticles in response to an applied magnetic field.

2.3.4 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy and a Nicolet iS50 FT-IR spectrophotometer (Thermo Nicolet, USA) was used to
identify the functional groups of the MIONPs to explore their structural alterations. The FTIR
transmittance mode spectrum of MIONPs was recorded from 4000 cm™ to 500 cm™. The resulting
spectrum was pre-treated with baseline subtraction using a polynomial fitting approach to determine
the MIONPs functional group information.

2.3.5 Thermal properties

Perkin Elmer Pyris 1 Thermogravimetric Analyzer (TGA) was used to measure the mass loss of
MIONPs under a carefully regulated temperature shift. 11.00 mg of MIONPs sample was placed into
the TGA sample holder, then heated in a nitrogen environment from 30 °C to 1000 °C at a rate of
10 °C/min. The % weight loss was recorded as the temperature rose.

2.3.6 Transmission Electron Microscopy (TEM)

The size and structure of the prepared MIONPs were evaluated using a Tecnai G2 20 S-Twin
Transmission Electron Microscope. A thin copper grid with a carbon covering was employed with a
0.1%wt. MIONPs suspension. After drying, the sample was tested at an accelerating voltage of
between 100 and 120 kV. This method allowed for a complete investigation of the MIONPs, giving
details about their characteristics and possible interactions with their surroundings.

2.3.7 Surface morphology

The morphology of the MIONPs has been examined using scanning electron microscopy (SEM). The
photos were captured using a JEOL- JSM 7500F Field Emission Scanning Electron Microscope. To
prepare the sample for imaging, a gold sputtering procedure was used to cover the MIONPs, and
carbon film was used as the sample holder. The SEM imaging allowed us direct examination of the
MIONPs' morphological characteristics.

2.3.8 X-Ray Diffraction Analysis

Shimadzu-XRD 700 X-ray diffractometer generated XRD patterns with Cu Ka radiation (A =0.1539
nm). The scan rate was set to 1 Hz, the current was set to 30 mA, and the voltage was set to 40 kV.
After loading the samples into the sample holder, they were put into the XRD slot, and measurements
were collected and recorded. As shown in equation 1 below, the crystal size (D) was determined using
Scherer's equation, which takes into consideration the dimensionless form factor (K), the X-ray
wavelength (L), the line broadening at half maximum intensity (FWHM) (B), and the Braggs angle

(6) [36].
Crystal Size (D) =

B Cos 6 ()

2.3.9 Elemental Analysis

An Electron Diffraction Spectrum (EDS) EOL JEM 2100 LaB6, (JEOL Ltd., Tokyo, Japan) analysis
was carried out to quantify the composition of various elements present in the prepared MIONPs.

3.0 Results and Discussions
3.1 Physicochemical characteristics MIONPs

The physical appearances of the precursor reagents and the synthesized MIONPs are captured in Fig.
2. As shown in Fig. 2, the pure salts of iron (111) chloride hexahydrate yellow in color (2a), and Ferrous
sulfate heptahydrate is blue (2b). The co-precipitated MIONPs are dark brown (2c). Iron (I11) chloride
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(2a) is yellow because it contains iron ions in a trivalent state which absorbs the visible spectrum of
light in the visible region [37]. Due to the existence of an anionic species termed ferrocyanide
(Fea[Fe(CN)6]*), which is a by-product of the interaction between ferric ions (Fe**) and ferrocyanide
ions (Fes[Fe(CN)g]*), the ferrous sulfate heptahydrate appears blue. Prussian blue reaction is a typical
occurrence in ferrous sulfate heptahydrate solutions [38].

Fig. 2. Physical appearances of (a) iron (111) chloride hexahydrate (b) Ferrous sulfate heptahydrate
and (c) MIONPs
The treatment of the iron solution with ammonium hydroxide led to the formation of a dark brown
precipitate (Fe3O4) which is the MIONPs Fig. 2c. The addition of precipitating agent such as NaOH
to the solution was to reduce the iron ions present in the zero-valent state making it to attain the
magnetization [39].

3.2 UV-Visible Spectroscopy

Optical absorption spectra depend upon factors like oxygen vacancies, impurities in the MNIOPs,
band gap, and crystal morphology. The produced MIONPs were dispersed in ethanol and then cleaned
with deionized water before being analyzed using UV-Vis spectroscopy. Fig. 3, shows the UV-Vis
spectrum with a peak at 276 nm wavelength, which is a typical absorption band of iron oxide
nanoparticles [40]. The characterization results demonstrated that the particles had the expected peak
at 276 nm, indicating that the sample comprised iron oxide nanoparticles.
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Fig. 3. UV-Vis spectroscopy of MIONPs
3.3 Photoluminescence

The photoluminescence (PL) spectrum of the prepared iron oxide nanoparticles (MIONPS)
synthesized via co-precipitation, with an excitation wavelength of 540 nm, is shown in Fig. 4. The
emission peak is observed at 411 nm, indicating far UV band edge emissions and UV band intensity
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due to better crystallinity. It is hypothesized that the local d-band transition property of Fe3s04 boosts
the magnetic coupling of nearby Fe®*" ions, which leads to the photoluminescence and the alteration
in oxygen atomic coordinates and the rise in the Fe-O bonding gap [41]. The technique of synthesis
used for MIONPs is critical in keeping the photoluminescent characteristics. The synthesis process
utilized effectively restricted the broadening of the electron wave function by blocking energy
interaction between the environment and the nanoparticles. This restriction of the wave function, in
turn, helped to the stabilization of the bound excitations, resulting in the observed photoluminescence,
showing that the MIONPs produced were more stable against external variables such as energy
exchange. The significant Stokes shift between the emission peak and the excitation wavelength
suggests that the emission is likely due to a bound-exciton source. This is further supported by the
synthesis method, which prevents the environment and nanoparticles from exchanging energy, thus
inhibiting the widening of the electron wave function [32, 42].
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Fig. 4: Photoluminescence Emission Spectrum of MIONPs

3.4 Magnetic properties

The magnetic characteristics of the produced nanoparticles in response to an applied magnetic field
are shown in Fig. 5. The lack of hysteresis, remanence, and coercivity in the synthesized magnetite
nanoparticles was a sign of regular superparamagnetic activity and nature of the MIONPs produced
during the molybdenum assisted co-precipitation [43]. Large saturation magnetization is a well-
known indicator of maximal magnetic strength [44]. Compared to the theoretical value of 92 emu/g,
the saturation magnetization of the produced magnetite particles was determined to be equivalent to
74.2 emu/g [45]. This research established that the MIONPs could respond quickly to external
magnetic fields and had outstanding magnetic characteristics. It is interesting to note that the excellent
magnetic properties of the nanoparticles were discovered to be influenced by the stabilizing effect of
a molybdenum magnet used during the precipitation process [46]. The higher magnetic field potential
of the nanoparticles was probably caused by the molybdenum magnet's influence on the size, shape,
and magnetic behaviour of the particles.
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Fig. 5: Hysteresis loop of the prepared MIONPs.
3.5 Fourier Transform Infrared (FTIR) spectroscopy analysis

Fig. 6, illustrates the FTIR spectra of the synthesized MIONPs. The FTIR absorption spectra
identified bands were at 3356.95, 2983.37, 1625.97, 1110.66, 1041.84, and 546.28 cm™*. These bands
are sought to result from vibrations, O-H stretching (3356.95 cm™), C-O bending (2983.37 cm™), and
N-H stretching [24, 47]. However, the peak at 1625.97 cm™ is most likely due to the bending
vibrations of adsorbed water on the iron oxide surface. According to the literature, the magnetite FTIR
spectrum has a strong absorption band at 570 cm™ which can be attributed to the Fe-O stretching
mode of the tetrahedral sites [48]. In this study, the Fe-O vibration signal of MIONPs was observed
at 546.28 cm. This shift can be attributed to the small size of the nanoparticles [25]. The weight loss
seen during the thermogravimetric study provided additional evidence that the peak at 2983.37 cm™
may result from C-H stretching vibrations from unreacted impurities present in the precursor salts.
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Fig. 6. FT-IR spectra for MIONPs

3.6 Thermogravimetric analysis

An important factor in determining the reaction to a mass change with temperature is the thermal
property of any particular sample. Fig. 7, displays the iron oxide nanoparticle TGA curve. The curve
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showed that the sample lost weight at a rate of about 1.73 wt% between 30 to 80 °C followed by 80
to 180 °C, this weight loss could be attributed to the removal of water molecules that the nanoparticles
had taken from the air before the analysis [49]. After that, the sample weight remains nearly constant
with a little weight loss of 2.09 wt% from a temperature range of 212 °C to 800 °C. The 2.09 wt%
weight loss could also be attributed to the expulsion of trapped air within the nanoparticles
crack/spaces as indicated by the SEM images in Fig.10. It may be inferred from the minimal weight
loss that the synthetic MIONPs are thermally stable [50].
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Fig. 7. Thermal properties of MIONPs
Studies reveal that the co-precipitation technique is an effective method to produce iron oxide
nanoparticles such as magnetite (FesOa), hematite (a-Fe203), and maghemite (y-Fe203) [51, 52]. The
chemical reaction of FesO4 formation may be written as follows in equation 2:

2Fe® + Fe?* + 80H™ — FesOu + 4H-0. )

When the pH is between 8 and 14, it is possible to achieve complete precipitation of Fes04 with a 2:1
ratio of Fe3*'Fe?*. This is according to the thermodynamics of the reaction in Eq. 2. However,
magnetite is not very stable and is easily oxidized. In the presence of oxygen, it changes from its
black color to the brown of maghemite, even at room temperature. Under basic conditions, oxidation
reactions occur on the surface of the magnetite. This means that the magnetite will be transformed
into maghemite during the thermal degradation process, as long as oxygen is present on the surface
of the MIONPs [53].

3.7 X-ray Diffraction (XRD) Analysis

Fig. 8, displays the X-ray diffraction patterns of the prepared MIONPs. The crystallinity and phase
of the produced MIONPs were determined using the acquired XRD patterns. It is clear to discern that
the X-ray diffraction patterns mainly exhibited peaks at 30.2°, 35.6°, 43.3°, 53.6°, 57.3°, and 63.0°
that correspond to the magnetite reflections (220), (311), (400), (422), (511) and (440), respectively
[24, 54]. These peaks indicated the existence of the crystalline spinel-structured magnetite (FesOa4)
phase of iron oxide, which corresponds to JCPDS number 19-629 [55]. The prepared MIONPs are
suitably crystallized, as evidenced by the strong and crisp peaks. The absence of peaks from other
phases demonstrates the great purity of the prepared nanoparticles. These findings are consistent with
those of Rashad et al, 2012 [56]. As calculated using the Scherer equation, the MIONPs had a particle
size 0of 15.21 £ 2.91 nm.
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Fig. 8. XRD patterns of prepared MIONPs

3.8 Transmission Electron Microscopy

The morphological findings from the SEM data and the particle sizes from XRD were validated by
transmission electron microscopy (TEM). The particle sizes, diameters, and circumferences were
calculated using ImageJ (ij-153) software. Fig. 9, displays the TEM image of the prepared FesO4
nanoparticles. TEM images of FesO4 nanoparticles exhibit triangle-shaped structures, some circular
and some irregular (Fig. 9a). The particles were uniformly dispersed but with agglomerations. The
particles were between 6-24 nm with an average size of 16.09 + 1.32 nm was observed (Fig. 9b). The
TEM data was in agreement with the XRD data, which showed that the MIONPs had an average
particle size of 15.21 £ 2.91 nm.

“1 b
Particle Sie 1509 am
S Der=132 nm
N=10&

£
£ N

’ .

F 7 2 01011 1N131415151712102071 02324 55 28
Particle Size (um)
Fig. 9. TEM Micrograph and Histogram
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3.9 Scanning Electron Microscopy (SEM)

Fig. 10 displays SEM images of produced nanoparticles. The nanoparticles are agglomerated together
because there was no dispersion of the particles before making the SEM specimen. The
agglomerations could also be linked with the use of molybdenum in aiding the precipitating process.
On the other hand, the polished sample has very distinct particle boundaries. The surfaces of the
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particles appear rough with tiny, invisible pores, and they appear to have non-spherical, uneven
shapes and various particle sizes. Similarly, the micrographs show that the nanoparticles have sharp
edges and are crystal-like, which is a clear image of magnetic nanoparticles. This is further confirmed
by TEM images.

g S % g
SEM HV: 5.0 kV | WD: 10.29 mm MIRA3 TESCAN
SEM MAG: 20.0 kx View field: 10.4 pm 2 pm

Fig.10. SEM Micrographs of MIONPs under different magnifications

3.10 Elemental Analysis

Electron Diffraction Spectroscopy (EDS) analysis was carried out to quantify the composition of
various elements present in the prepared MIONPs (Fig. 11, and Table 1). The nanoparticles' chemical
composition is vital in understanding their purity.

Table 1. Percentage of the elemental composition of prepared MIONPs

Element Mass (%) Atom (%)
C 17.81 +0.16 42.62 +0.39
o] 11.77 £0.17 21.15+0.31
Fe 70.41 +£0.48 36.23 £0.25
Total 100.00 100.00

Fig. 11, and Table 1, show the peaks that confirm the presence of Fe, O, and C with varying
percentage compositions. The C is suspected to come from the EDS sample holder used during the
analysis. Fe and O are the main components of MIONPs, implying that pure nanoparticles were
successfully prepared. Different allotropes of iron at different binding energies (eV) were present;
FeKa, FeLi, FeKb, and FeLa both comprise 70.41 + 0.48 % of the iron salts that were used to
synthesize the MIONPs. The 11.77 + 0.17 % of oxygen resulted from the precipitating agent
(NH4OH) used during co-precipitation. This could imply that the synthesized MIONPS were pure as
supported by the XRD patterns and the VSM which showed high saturation magnetization, Ms, of
74.2 emu/g. This is further supported by the strong thermal stability portrayed by the TGA curve.
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Fig.11. Elemental composition of the MIONPs
Conclusions

This study presents the synthesis and characterization of molybdenum-aided co-precipitation of
stabilized magnetite iron oxide nanoparticles (MIONPSs). The optical properties of the MIONPs
revealed an absorptivity of 340 nm. Vibrating Sample Magnetometry (VSM) showed that the
saturation magnetization of the MIONPs was 74.2 emu/g. Functional group identification indicated a
high-intensity peak at 546.28 cm™ ascribed to the Fe-O stretching bond. TEM scans revealed that the
particles were agglomerated due to the effect of the molybdenum magnet with average particle sizes
of 16.09 £1.32 nm. This was confirmed by the XRD results that showed an average particle size of
15.21 +2.91 nm. The synthesized iron oxide was crystalline spinel structured magnetite (FezOa)
phase. EDS revealed that the major components of the produced MIONPs are Fe and O, indicating
that the particles were of high purity. The results demonstrate that co-precipitation-assisted
molybdenum precipitation is a viable route for the synthesis of MIONPSs, and it has the potential for
use in various applications.
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