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Magnetic properties of different
phases iron oxide nanoparticles
prepared by micro emulsion-
hydrothermal method

Shakeel Ahmad?, Henmei Ni'*“, Fahad S Al-Mubaddel?, Moustafa A. Rizk?*,
Mohamed Ben Ammar®, Afaq Ullah Khan®, Zainab M. Almarhoon’, Abdulaziz A. Alanazi® &
Magdi E. A. Zaki®™*

In this study, we report the synthesis of iron oxide nanoparticles (FeONPs) using micro-emulsion-
hydrothermal method. By adjusting the synthesis temperature, we successfully produced FeO
nanorods and nanospheres. In addition, the 2-octanol, and the surfactant cetyltrimethylammonium
bromide served as a solvent in the synthesis process. Using iron nitrate hexahydrate as the salt
precursor allowed for the formation of FeONPs with varied sizes, shapes and phases. The synthesized
materials were extensively characterized using XRD, SEM, TEM, EDS, FTIR, and XPS techniques.
However, the structural analysis revealed rhombohedral (hematite), and (magnetite) crystal
structures in the materials synthesized at different temperature and durations, with particles
ranged in size from 12 to 97 nm. More importantly, the magnetic characterization, performed with
a vibrating sample magnetometer and SQUID magnetometer, indicated that the NPs showed not
clear superparamagnetic behavior. In conclusion, this work demonstrates the synthesis of FEONPs
with controlled size, shape and phase using microemulsion hydrothermal technique, with detailed
characterization offering valuable insights into their magnetic and structural properties.
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In recent decades, nanotechnology has garnered significant interest across various research fields, aiming
to develop nanoscale materials through different techniques, including physical and chemical methods.
Nanoparticles, with diameters ranging from 1 to 100 nm, possess unique and controllable properties distinct
from their bulk counterparts2. The Materials comprising nanoparticles, nanotubes, and nanofibers demonstrate
a wide range of electrical, magnetic, electro-optical, and chemical properties®*. Notably, nanoparticles exhibit
specific behaviors attributed to the high fraction of atoms residing on their surfaces and the finite number of
atoms within each crystalline core. Initially observed in magnetic materials’, these finite-size effects have also
been identified in nonmagnetic materials such as semiconductors®’. Wide-ranging applications of FeONPs in
biology, electronics, and industry are well known. Compared to conventional micrometer-sized particles, these
particles, measuring in size from 1 to 100 nanometers (nm), exhibit greater attributes®. The synthesis of magnetic
nanoparticles is achieved by a range of methods, such as mechanical powder breakdown®, the Massart process,
specific precipitation techniques'’, impregnation!!, and sol-gel preparation'2. Lauric acid is also used as a non-
aqueous medium!®. The method of choice is determined by several variables, including the required particle
size, characteristics, scalability, and resource availability. Among these approaches, the microemulsion method
has gained significant recognition for synthesizing nanoparticles, including those with magnetic and catalytic
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properties'4~16. Surfactant and co-surfactant molecules stabilize the interface of microemulsions, which are stable
dispersions of immiscible water and oil phases'”. Specifically, the formation of spherical reverse micelles in the
bulk oil phase is the result of the dispersion of water Nano droplets in the Water-in-Oil (W/O) microemulsion.
This special system serves as a “Nano reactor” for the synthesis of nanoparticles. When two water Nano droplets
collide, they combine due to Brownian motion, which promotes the exchange of reactants!®. Since the chemical
reaction is limited to the interior of the water nano droplets, the shape, size, and narrow size distribution of
the particles can be controlled by varying the composition of the oil, water, and surfactant mixture using the
microemulsion method!®?°. It is important to note that the water nano domains in the microemulsion are
constantly moving and crashing into one another, which facilitates inter-micellar exchange. Intermuscular
exchange is highly dependent on the elasticity of the surfactant film?!. By employing the microemulsion process
and a salt precursor called FeSO,.nH, O, Antony et al.>* investigated the magnetic characteristics of FeONPs and
achieved 18 emu/g magnetic saturation. Kolic et al.** produced FeONPs at 30 emu/m Ms and 600e coercivity
using the microemulsion technique and the salt FeCl,.7H,O. The magnetic characteristics of FeONPs were
studied by Vidal et al.** using the hydrothermal process and a solution called FeSO,.nH,O that had 108 Hc and
56 emu/g of Ms. A 37 emu/g FeONPs was produced by Chin et al.?® using the FeSO,.7H,O salt precursor in a
microemulsion process.

We described the synthesis, morphology, structure, and magnetic characteristics of FeO nanorods, and
nanospheres. In order to tune the size of magnetic FeONPs between 12 and 97 nm, which have good saturation
magnetization of 213 emu/g, we modified the previous microemulsion method to a new micro emulsion-
hydrothermal method. This was accomplished by employing inexpensive single-salt iron nitrate nonahydrate as
a salt precursor, in the absence of any acid or base, in combination with cetyltrimethylammonium bromide as a
surfactant, 2-octanol, and water as a solvent at various temperatures and times. The synthesis of FFONPs without
the use of acid or base is a safer and more environmentally friendly method. These nanoparticles, synthesized
without acid or base, exhibit enhanced stability and can be utilized in various applications. They have particularly
important applications in medicine and environmental treatment, such as water treatment. One disadvantage
of using acid or base in the synthesis process is that it introduces impurities into the final product, which can
negatively impact the purity and effectiveness of the nanoparticles.

Experimental section

Materials and synthesis procedure

The chemicals such as CTAB, 2-octonal, and glycerol were acquired from Sigma Aldrich Chemical Company.
Iron nitrate nonahydrate, (Fe(NO,),-9H,0, >98%) was purchased from Sigma-Aldrich. All of the reagents
were used without additional purification. The synthesis of FeEONPs was conducted using the micro emulsion-
hydrothermal method. To initiate the synthesis, water-in-oil microemulsions with identical compositions were
prepared in separate beakers by stirring together 4.0 g CTAB, 30 mL 2-octanol, and 4 mL water for duration of
one hour. The first microemulsion (referred to as microemulsion one) and the second microemulsion (referred
to as microemulsion two) were based on the facts that the previous contained 8 mL glycerol and the latter one
contained 0.3922 g of Fe(NO,),-9H,0. Both microemulsions were stirred individually for one hour. Subsequently,
microemulsion two was added to microemulsion one while continuing the stirring process. The entire reaction
mixture was then stirred for an additional hour. After the completion of the one-hour stirring stage, the entire
mixture was transferred to a Teflon-lined autoclave and heated at 200 °C and 400 °C temperatures for duration up
to 18 h, respectively. Following the heating process, the resulting black precipitate was centrifuged at 4000 rpm
for 30 min. The obtained black powder was washed multiple times with ethanol and water to eliminate any
remaining oil, surfactant, and other impurities. The products obtained from reactions at different temperatures
are denoted as nl and n2, corresponding to treatments at 200 °C and 400 °C, respectively.

Results and discussion

SEM and TEM analysis

The SEM images of n2, having a size ranging from 10 nm to 97 nm are analyzed by image j software, had a
characteristic rod-shaped morphology, as displayed in Fig. 1(a and b). The rods tended to group together and
had smooth surfaces. The rod-shaped morphology is frequently linked to anisotropic growth and is caused
by particular circumstances that existed during the synthesis process. These rods might be useful as magnetic
materials or nanocomposites due to their special qualities. The TEM image of n2 depicts distinct, isolated
NPs, as evidenced by the visible nanoscale rods the distribution of size and shape of the individual NPs can
be better understood by TEM analysis, which offers a more in-depth look at each one, as shown in Fig. lc.
Figure 1d-f shows the spherical morphology of Fe,O, NPs n1 that were synthesized at 200 °C for 18 h. These
NPs exhibited sizes between 12 and 67 nm. Since spherical NPs have a high surface energy and are therefore
resistant to temperature pH reaction atmosphere, and surface condition, they agglomerate. Overall, the SEM and
TEM images provided a clear understanding of the surface morphology and microstructure of the synthesized
a-Fe,O, NPs. The various morphologies seen at various times and temperatures demonstrate how the processing
parameters affect the properties of the final particles. These findings advance our knowledge of FeONPs and
their possible uses in a range of industries, such as electronics, environmental remediation, and medicine.

The elemental mapping and spectrum of the a-Fe,O, NPs n2 using energy-dispersive X-ray Spectroscopy
(EDS) is shown in Fig. 2. The elemental composition of a sample n2 can be identified and mapped using the EDS
technique. In this instance, the elemental distribution on the surface of the produced a-Fe,O, NPs. is evaluated,
and the purity of the particles is confirmed using EDS mapping. In particular, the rod shape of the NPs is
highlighted in Fig. 2 the distribution of the elements iron (Fe) and oxygen (O) on the surface of the nanorods is
depicted in these figures employing the EDS elemental mapping. The homogeneous distribution of both elements
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Fig. 1. SEM morphology of a FeFONPs produced by a micro emulsion-hydrothermal technique. (a,b) SEM of
n2, (c) TEM image of n2, (d-f) SEM images of nl.

in the images suggests that iron and oxygen are distributed uniformly within the NPs. This homogeneous
distribution implies that the prepared NPs have a consistent elemental composition throughout their structure
and indicates the presence of a well-mixed composition. Table 1 shows the FeONPs proportionate composition.
The table shows that Fe makes up 76% of weight and oxygen (O) makes up 34 weight%. The stoichiometric
oxygen-to-Fe ratio aligns with the composition of the as synthesized a-Fe,O, NPs. This balanced indicates the
successful incorporation of the desired FeO phase. Additionally, the purity and elemental distribution of the
a-Fe,O, NPs are strongly validated by EDS elemental mapping and composition analysis conducted in this
study. These results confirm that Fe and O make up the majority of the NPs composition, where elements are
evenly dispersed across the surface of the particles. Such information is valuable for understanding the chemical
composition and structural characteristics of the NPs, and it supports their potential use in various applications,
including catalysis, magnetic materials, and biomedical applications.

XRD analysis

The samples well-defined peaks in the X-ray diffraction (XRD) patterns, labelled as nland n2, are displayed in
Fig. 3 and suggest that the samples are crystalline in nature. The diffraction peaks observed at 20 values of 24°,
40°, 49°, 62° and 64° correspond to the (012), (113), (024), (214) and (300) crystalline plane corresponding to
hematite as referenced by [JCPDS No. 01-079-0007]26. Additionally, peaks at 20 values of 33°, 35°, 54° and 57°
corresponding to the (200), (311), (422), and (511) planes, are attributed to the magnetite [JCPDS No. 01-076-
1849]%’. This implies that the atoms in sample n1 have an uneven arrangement, crystalline structure and mixed
morphologies. Meanwhile, the diffraction peaks for sample n2, appear at 20 values of 30°, 33°, 35°, 43°, 54°, 57°
and 63° are corresponding to the (200), (311), (400), (422), (511) and (440) crystalline planes, all are attributed
to magnetite, as displayed in Fig. 3. This observation is further supported by the fact that increasing the synthesis
temperature from 200 to 400, leads to the disappearance of hematite peaks from the XRD pattern. The precise
crystal phases found in each sample are revealed by the XRD patterns, which offer insightful information. In
fact, the study ensures that crystalline phases can be identified by correlating the observed peaks which specific
crystallographic planes. The XRD analysis confirms the presence of hematite, maghemite, and magnetite phases
in the as synthesized samples. The differences in peak sizes and shapes can also provide details about the crystal
structure and crystallite size of the nanoparticles. All things considered, the XRD study and the explanation that
goes with it in Table 2 offer important insights into the mixed morphologies, crystal phases, and crystallinity that
the synthesized nanoparticles contain.

FTIR analysis

Based on the distinctive vibrational frequencies of particular functional groups and compounds, FTIR
spectroscopy is an effective tool for locating and verifying their presence in a sample. In this instance, the
formation of metal oxide nanoparticles in samples nl and n2 is confirmed by the observed absorption peaks
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Fig. 2. (a) EDS analysis and (b) elemental mapping of a-Fe,O, NPs.

Total number of distribution
plot spectrum

Elements Wt% | At%
(0] 36 56.17
Fe 74 43.83
Total Amount | 100.00 | 100.00

Table 1. The atomic weight% of a-Fe,O, NPs.

at particular frequencies. The FTIR spectrum covers the range of 300-4000 cm™! and provides information
about the molecular vibrations and functional groups present in the samples, as displayed in Fig. 4. In the FTIR
spectrum, specific absorption peaks are observed at frequencies of 384 cm™!, 460 cm™?, 721 cm™!, 898 cm™1,
and 998 cm™!. These peaks correspond to stretching and bending vibrations of the metal oxide nanoparticles.
It is noteworthy that the observed absorption peaks are in agreement with the literature value cited as?®. As its
characteristic vibrational modes are in agreement with the published literature, this agreement implies that the
synthesized samples undertaken, in particular, contain the expected metal oxide nanoparticles.

XPS analysis

X-ray Photoelectron Spectroscopy (XPS) was employed to provide further characterization of the chemical
composition and bonding of the sample. Figure 5 displays the XPS spectrum, which confirms the presence of
O1s and Fe2p elements. Two noticeable peaks were seen at binding energies of 711 eV and 724 eV, respectively,
in the high-resolution Fe2p spectrum (Fig. 5a), which corresponds to Fe2p, , and Fe2p, ,%. Additionally, two
satellite peaks are also observed for Fe at 719 eV and 725 eV>?, confirming the presence of iron in the sample.
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Fig. 3. XRD pattern of FEONPs prepared by microemulsion hydrothermal method at different temperatures.

Temp. | Time
Sample | Phase C) (h) Crystal structure | Space group | ICDD card number | Average crystalline size (nm)
n, Hematite | 200 30h | Rhombohedral p-3 01-079-0007 27
n, Maghemite | 200 36 h | Tetragonal P 01-076-1849 27

Table 2. XRD result of synthesis iron oxide nanoparticles by microemulsion- hydrothermal method at
different temperatures and time.

Dominant oxide peaks are visible in the oxygen envelope of the XPS spectrum Fig. 5 (b) at binding energies
of 530.52 eV, and 531 eV. The oxygen species found in the sample are represented by these peaks. These peaks
appearance is consistent with the expected oxide characteristics®!. The overall XPS result give the evidence that
the FeONPs is successfully synthesized.

VSM analysis

The magnetic properties of the synthesized samples were studied using a Vibrating Sample Magnetometer (VSM),
and their hysteresis behavior at room temperature was investigated. Based on the XRD patterns, different phases
of FeO were observed in the samples. Figure 6 illustrates the characteristic hysteresis curves of the synthesized
samples nl and n2 at room temperature. These curves offer insights into the magnetic characteristics of the
samples, such as saturation Magnetization (Ms), coercivity, and retentivity (Mr). Furthermore, Table 3 presents
the precise values of these magnetic parameters for each sample. The Vibrating Sample Magnetometer (VSM)
examination of FeONPs following distinct treatments, notably nl treated at 200 °C and n2 treated at 400 °C,
unveils fascinating magnetic attributes. Sample n1 exhibited a saturation magnetization (Ms) of 145.04 emu/
gm, a retentivity (Mr) of 38.41 emu/gm, and a coercivity (Hc) of 162.83 G. In comparison, sample n2 displayed a
higher saturation magnetization of 213.11 emu/gm, a retentivity of 60.98 emu/gm, and a coercivity of 173.66 G.
The increase in saturation magnetization and retentivity for n2 indicates enhanced magnetic moment alignment
and improved magnetic stability compared to nl. Despite the slightly higher coercivity for n2, both samples
exhibit similar coercive forces, suggesting comparable resistance to demagnetization.
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Fig. 4. The FTIR spectrum of FeONPs.

In the analysis of FeONPs samples subjected to various heat treatments, the coercivity values are pivotal
in determining the weather superparamagnetic behavior is exhibited. Sample nl, treated at 200 °C, displays a
coercivity (Hc) of 162.83 G, while sample n2, treated at 400 °C, shows a slightly higher coercivity of 173.66 G.
These relatively elevated higher coercivity values indicate that neither sample exhibits clear superparamagnetic
behavior. Superparamagnetic materials typically demonstrate very low coercivity values, indicating a propensity
to rapidly respond to magnetic fields. The results imply that both n1 and n2 samples possess a certain resistance
to demagnetization, hinting at enhanced magnetic stability despite not displaying superparamagnetic
characteristics.

The magnetic properties of materials can be influenced by various factors, including morphology, particle size,
preparation method, and crystal structure®>**. These factors may have an impact on the NPs magnetic behavior
by influencing the moments within them and the magnetic interactions between them. An understanding of
the synthesized samples possible uses in industries like magnetic storage, magnetic resonance imaging (MRI),
and magnetic sensing can be gained from their magnetic characterization. For magnetic materials to be tailored
and perform optimally in a variety of technological applications, it is essential to comprehend their magnetic
properties and how they depend on various parameters.

ZFC analysis

The Zero-field cooling (ZFC) curves of FeONPs are shown in Fig. 7. The sample nl was prepared at 200 °C
for 18 h, and sample n2 was prepared at 400 °C for 18 h. A SQUID magnetometer was used to record the ZFC
curves. Samples nl and n2 ZFC curves show that 304 K is the blocking temperature. This temperature is thought
to be the threshold where thermal energy is enough to displace the magnetic interactions within the NPs.
Consequently, the samples magnetic behavior might alter. At 304 K and 320 K, respectively, the magnetization
curves for the two samples exhibit a steady upward trend with increasing temperature. This suggests that, even at
room temperature, superparamagnetic properties exist. The growing magnetization indicates that as temperature
rises, the NPs show greater alignment of their magnetic moments. More information and an analysis of the
ZFC curves and their significance for the magnetic characteristics of the FFONPs can probably be found in the
reference!. Upon comparing the magnetic properties of this work with those of previously synthesized FeONPs
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Fig. 5. XPS spectrum of (a) Fe2p, (b) Ols in FeONPs.

using microemulsion and alternative methods, it was found that the NPs produced by microemulsion had good
coercivity and magnetic saturation, as shown in Table 4.

Conclusion

In this study, FeONPs with varying sizes, phases, and morphologies were successfully synthesized using the
micro emulsion-hydrothermal approach, emphasizing the versatility of the method. The results reveal that
synthesis temperature significantly impacted the shape of the nanoparticles, allowing for precise control over
their structural characteristics. By systematically adjusting these parameters, we achieved optimal conditions for
synthesizing FeONPs. Interestingly, the FEFONPs demonstrated superparamagnetic behavior when synthesized
at 200 °C for 18 h and 400 °C for 18 h, illustrating that how specific conditions effect their magnetic properties.
These findings underscore the critical role of temperature and time in determining both the morphological and

magnetic properties of nanoparticles, providing valuable insight for tuning the nanoparticles properties got
different applications.
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Fig. 6. Hhysteresis loops at room temperature for FFONPs synthesis by microemulsion- hydrothermal method
(a) hematite (b) migmatite (c,d) magnetite.

M0k | Mp300k | pc300k
Samples | Temp °C | Time (h) | [emu/g] | [emu/g] | [G]

nl 200 145.04 38.41 162.83
n2 400 213.11 60.98 173.66

Table 3. The magnetic properties of NPs synthesis by microemulsion- hydrothermal method.
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Fig. 7. ZFC of the as synthesized FeONPs under an applied field Oe (a) n1 and (b) n2.

Method Precursor Products Ms (emu/g) | HcOe | Bt | Ref
Micro emulsion FeSO,.nH,0 Fe,O, 18.3 - - 2
Microemulsion FeCl,.nH,0 Fe,0, 30 60 50k | %
Hydrothermal FeCl,.nH,0 Fe,0, 56 108 - 3
Microemulsion FeSO,.7H,0 YFe,0, 37 - - 37
Microemulsion FeSO,.7H,0 YFe,0, 50 32 92 |®
One-step perception | Fe(CO), Fe, O, 12 117 - ¥
Carbon reduction Fe,Cl, Fe,O, 34 40 - 4
Carbon reduction FeSO,.7H,0 Fe;0,@Si0, | 46 21 - 4
This work Fe(NO,)3.9H,0 | Fe,0, 213 173|304

Table 4. Comparison between the magnetic properties of the researchers work and reported research work (all
at 300 k temperature).
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