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Abstract 

Magnetic materials, particularly ferrites, are integral to various electronic and biomedical applications due to their unique 

magnetic and electrical properties. Ferrites, which typically adopt spinel structures, are synthesized by mixing iron oxide (Fe2O3) 

with other metallic elements, such as nickel, zinc, or manganese. They exhibit ferromagnetic behavior below the Curie 

temperature and paramagnetic properties above it. Iron oxide nanoparticles (NPs), particularly Fe3O4 and γ-Fe2O3, have gained 

significant attention for their versatility in fields like catalysis, data storage, and biomedical technologies. Their 

superparamagnetism, high magnetic susceptibility, and biocompatibility make them particularly promising for targeted drug 

delivery, magnetic resonance imaging, and bioseparation. This review explores the various synthesis methods for iron oxide 

nanoparticles, including co-precipitation, thermal decomposition, hydrothermal synthesis, microemulsion, and sonochemical 

techniques. Each method has specific advantages and limitations, such as particle size control, monodispersity, and stability. The 

review also highlights the critical role of nanoscale characterization techniques, such as scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM), in understanding the structural, morphological, and compositional attributes of 

synthesized nanoparticles. These tools enable the optimization of synthesis parameters and the tailoring of nanoparticles for 

specific applications. Overall, advancements in synthesis and characterization are paving the way for innovative applications of 

iron oxide nanoparticles in catalysis, biomedical science, and beyond. 
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1. Introduction 

Certain elements found on Earth are known as magnetic 

materials due to their ability to be attracted to magnets. These 

materials can be magnetized, enabling the creation of perma-

nent magnets. Prominent examples of these magnetic sub-

stances include iron, cobalt, and nickel metals from which 

objects display magnetic attraction. Hard magnetic materials 

require a significant external magnetic field to achieve mag-

netization, whereas soft magnetic materials can be magnetized 

with much less effort. Typical examples of hard magnets 

comprise iron alloys that include aluminium, cobalt, and nickel. 

Among magnetic substances, ferrites stand out due to their 

advantageous properties for electronic applications, notably 

their high magnetic permeability and electrical resistivity [1-3]. 

Ferrites are produced by mixing large amounts of iron (III) 

oxide with smaller quantities of various metallic elements such 

as nickel, zinc, and manganese. With ferromagnetic character-

http://www.sciencepg.com/journal/ajpc
http://www.sciencepg.com/journal/128/archive/1281304
http://www.sciencepg.com/
https://orcid.org/0009-0004-0241-209X


American Journal of Physical Chemistry http://www.sciencepg.com/journal/ajpc 

 

92 

istics, ferrites can incorporate the transition element Fe in the 

form of Fe2O3, presenting magnetism resembling that of typical 

ferromagnetic substances below the Curie temperature (TC) 

and showing paramagnetic behaviour above it [4]. Ferrites 

often adopt a spinel structure represented by the AB2O4, where 

A and B represents metal cations, typically including iron. This 

structure features a cubic close-packed arrangement of oxide 

ions (O2-), with cation A occupying one-eighth of the tetrahe-

dral sites and cations B filling half of the octahedral sites, 

yielding the composition A2+B3+O2-. However, ferrites com-

monly form an inverse spinel structure, where one-eighth of the 

tetrahedral sites are occupied by cations B, and one-fourth of 

the octahedral sites are occupied by cations A. The rest of the 

octahedral positions are filled by cations B. Additionally, fer-

rites can exhibit a mixed spinel structure, described by the 

formula [M2+Fe3+ₓ] [M2+ₓFe3+
2₋ₓ]O4. 

Iron oxide nanoparticles (NPs) with surface modifications 

are extensively utilized in catalysis. This review highlights 

their role as heterogeneous catalysts, particularly in facilitat-

ing reactions involved in C-C bond formation. For practical 

applications, these nanoparticles must exhibit essential prop-

erties such as high magnetic saturation, biocompatibility, 

stability, and efficient surface interactions [5]. Nanoparticles, 

typically defined as submicron particles with diameters be-

tween 1 and 100 nm, consist of inorganic or organic materials 

and exhibit distinct properties compared to their bulk coun-

terparts. As a result, magnetic nanoparticles demonstrate 

remarkable features such as high coercivity, superparamag-

netism, low Curie temperature, and enhanced magnetic sus-

ceptibility [6]. 

Magnetic NPs have attracted significant attention in re-

search due to their versatility across various applications. 

They are integral to fields such as data storage, catalysis, 

magnetic fluids, and biomedical technologies. In biomedical 

contexts, they play a crucial role in detecting biological enti-

ties, including cells, nucleic acids, enzymes, proteins, bacteria, 

and viruses. Additionally, they contribute to clinical diagnos-

tics and therapeutic methods like magnetic resonance imaging 

(MRI), magnetic bioseparation, and targeted drug delivery 

systems. 

2. Synthesis of Iron Oxide Nanoparticle 

Over the past few decades, extensive research has been 

conducted by scientists to improve the synthesis processes for 

iron oxide nanoparticles. These processes need to produce 

nanoparticles that are uniform in shape, biocompatible, stable, 

and monodispersed. The primary methods used for synthesis 

include thermal decomposition, co-precipitation, hydrother-

mal synthesis, microemulsion synthesis, and sonochemical 

synthesis, all focused on achieving high-quality iron oxide 

nanoparticles. In addition to these conventional techniques, 

alternative methods such as electrochemical synthesis, syn-

thesis using microorganisms or bacteria, and laser pyrolysis 

can also be employed to prepare iron oxide nanoparticles. 

2.1. Co-Precipitation Method 

The co-precipitation method is one of the most commonly 

employed techniques for synthesizing nanoparticles such as 

Fe3O4 or γ-Fe2O3. This process involves the simultaneous 

precipitation of ferric and ferrous ions, typically in a molar 

ratio of 1:2, within a strongly basic solution at room temper-

ature. The properties of the resulting iron oxide nanoparticles, 

such as their size and morphology, are influenced by various 

factors. These include the choice of salts (e.g., chlorides, 

sulfates, perchlorates, nitrates), the ferric-to-ferrous ion ratio, 

reaction temperature, ionic strength, pH levels, stirring speed, 

and the addition rate of the base. Recent studies have explored 

the synthesis of Fe3O4 nanoparticles using this method, ex-

amining how reaction temperature impacts their structure, 

morphology, and magnetic characteristics [7]. 

The co-precipitation technique significantly affects the 

physical and chemical attributes of iron oxide nanoparticles. 

Nanostructured materials generally exhibit lower saturation 

magnetization (Mₛ) than their bulk counterparts, with mag-

netic iron oxide nanoparticles typically displaying Mₛ values 

in the range of 30–80 emu/g, compared to around 100 emu/g 

for bulk materials. This reduction is attributed to minor alter-

ations in ionic configurations at the nanoscale. FeO nanopar-

ticles, in particular, are unstable in ambient conditions, being 

prone to oxidation into Fe2O3 or dissolution in acidic envi-

ronments. To mitigate oxidation when exposed to air, Fe3O4 

nanoparticles are often synthesized in anaerobic conditions. 

Fe3O4 nanoparticles can be converted into Fe2O3 nanopar-

ticles through oxidation or annealing in an oxygen-rich at-

mosphere. However, this process often leads to a broad par-

ticle size distribution, necessitating additional steps for size 

selection. Wide particle size variations can result in differing 

blocking temperatures (Tβ), which depend on particle size and 

can hinder the magnetic properties required for specific ap-

plications. 

Kang et al. demonstrated a method for synthesizing uni-

form, monodispersed Fe3O4 nanoparticles (~8.5 ± 1.3 nm in 

diameter) via co-precipitation without the use of surfactants. 

The synthesis occurred in an aqueous solution with a pH of 

11–12 and a Fe2+/Fe3+ molar ratio of 0.5. These colloidal 

magnetite suspensions were directly oxidized through aera-

tion to produce γ-Fe2O3 colloidal suspensions. 

Alternatively, recent research has investigated strategies for 

achieving monodispersed nanoparticles by incorporating 

surfactants such as polyvinyl alcohol (PVA) or dextrin during 

the reaction or through subsequent coating steps. In these 

cases, surfactants act as stabilizing agents, regulating particle 

size and enhancing the stability of colloidal dispersions [8, 9]. 

2.2. Thermal Decomposition Method 

The thermal decomposition method is a widely used tech-

nique for synthesizing iron oxide NPs by decomposing pre-

cursors such as Fe(acac)3 (acetylacetonate), Fe(cup)3 

(N-nitroso phenylhydroxylamine), or Fe(CO)₅, followed by 
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an oxidation step. This method produces high-quality, mono-

dispersed iron oxide nanoparticles, though it requires high 

temperatures and involves complex procedures. Sun and Zeng 

introduced a generalized synthesis method using thermal 

decomposition to produce size-controlled, monodispersed 

magnetite nanoparticles [10]. Their approach decomposes 

Fe(acac)3 at 265°C in phenyl ether with solvents like alcohol, 

oleylamine, and oleic acid. By employing smaller magnetite 

nanoparticles as seeds, they achieved the synthesis of larger, 

monodispersed nanoparticles with diameters up to 20 nm via a 

seed-mediated growth process, making this technique suitable 

for large-scale production without additional size-selection 

steps. The synthesized Fe3O4 nanoparticles can be readily 

converted to γ-Fe2O3 nanoparticles through annealing in an 

oxygen-rich environment at high temperatures for two hours. 

Similarly, Hyeon et al. developed a thermal decomposition 

method using iron pentacarbonyl dissolved in oleic acid, 

producing highly crystalline, monodispersed iron nanoparti-

cles at a relatively low temperature of 100°C without the need 

for size selection [11]. These iron nanoparticles were subse-

quently oxidized into monodispersed γ-Fe2O3 nanocrystals 

using trimethylamine oxide as a mild oxidizing agent. This 

process resulted in nanoparticles with sizes ranging from 4 to 

16 nm [12, 13]. 

2.3. Microemulsion Method 

Microemulsion techniques offer a robust platform for the 

controlled synthesis of magnetic iron oxide nanoparticles, 

providing the ability to tailor their size, shape, and surface 

properties. However, these methods often require careful 

optimization of parameters such as surfactant type, phase 

composition, and reaction conditions to overcome challenges 

such as particle aggregation and to achieve nanoparticles with 

desired functional and magnetic properties. 

A microemulsion is a thermodynamically stable and ho-

mogeneous system consisting of two immiscible phases, such 

as oil and water, stabilized by surfactants. These surfactants 

play a critical role in reducing interfacial tension by forming a 

monolayer at the oil-water interface. The molecular structure 

of surfactants enables this stabilization, with their hydrophilic 

(water-attracting) heads oriented toward the aqueous phase 

and hydrophobic (water-repelling) tails pointing toward the 

oil phase. Depending on the specific composition and condi-

tions, microemulsions can self-assemble into various 

nanostructures, such as inverted spherical or cylindrical mi-

celles, lamellar arrangements, and bicontinuous phases. This 

unique capability makes microemulsions highly advantageous 

for synthesizing nanoparticles, including iron oxide nanopar-

ticles, allowing for precise control over their size, shape, and 

distribution. 

Microemulsion-based methods have been widely employed 

for the synthesis of magnetic iron oxide nanoparticles, offer-

ing a one-pot, versatile, and reproducible approach. A notable 

study by Vidal-Vidal and colleagues showcased the applica-

tion of a microemulsion process to produce monodisperse 

magnetite (Fe3O4) nanoparticles [14]. The nanoparticles ob-

tained in their study were spherical in shape, well-crystallized, 

and exhibited a narrow size distribution, with an average 

diameter of 3.5 ± 0.6 nm. These particles were capped with a 

protective monolayer of either oleylamine or oleic acid, which 

served to enhance stability and prevent uncontrolled aggre-

gation. The capped nanoparticles demonstrated distinct 

magnetic properties, with saturation magnetization values of 

76.3 Am2/kg for the uncoated particles, 33.2 Am2/kg for 

oleylamine-coated particles, and 35.2 Am2/kg for oleic ac-

id-coated particles. In this synthesis, oleylamine served dual 

functions as both a precipitating and capping agent. By con-

trast, cyclohexylamine, another precipitating agent explored 

in the study, failed to prevent nanoparticle aggregation, em-

phasizing the importance of effective capping agents in en-

suring nanoparticle stability. 

In another investigation, Chin and Yaacob utilized a wa-

ter-in-oil (w/o) microemulsion system to synthesize magnetic 

iron oxide nanoparticles with sizes below 10 nm [15]. This 

method relied on surfactants to create a stable environment 

where the nanoparticles could form and grow within the con-

fined spaces of the microemulsion droplets. Despite the sta-

bilizing effect of surfactants, the synthesized nanoparticles 

exhibited a tendency to aggregate over time. This aggregation 

necessitated additional washing and stabilization steps to 

maintain the uniformity and dispersion of the nanoparticles. 

Such challenges underscore the importance of optimizing 

surfactant concentration, type, and post-synthesis treatments 

to achieve stable, monodisperse nanoparticles suitable for 

various applications. 

2.4. Hydrothermal Synthesis 

Hydrothermal synthesis is a versatile wet-chemical tech-

nique that promotes the crystallization of materials in a sealed 

environment under high temperatures (typically 130–250°C) 

and elevated vapor pressures (0.3–4 MPa). This method is 

particularly effective for producing high-quality, disloca-

tion-free single crystals with superior crystallinity compared 

to other synthesis techniques, making it widely used for pre-

paring highly crystalline iron oxide NPs. 

Wang et al. demonstrated a one-step hydrothermal synthe-

sis process to produce highly crystalline Fe3O4 nanoparticles 

in powder form without surfactants [16]. By maintaining a 

temperature of 140°C for 6 hours, they successfully synthe-

sized Fe3O4 nanoparticles with an average size of approxi-

mately 40 nm. These nanoparticles exhibited a saturation 

magnetization value of 85.8 emu·g-1, slightly lower than the 

bulk value of Fe3O4 (92 emu·g-1). 

Zheng et al. developed another hydrothermal approach, 

utilizing sodium bis(2-ethylhexyl) sulfosuccinate (AOT) as a 

surfactant, to produce Fe3O4 nanoparticles with a diameter of 

27 nm [17]. These nanoparticles exhibited superparamagnetic 

behavior at room temperature, emphasizing the method's 
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capability for tailoring magnetic properties. 

Additionally, Daou et al. synthesized magnetite nanoparti-

cles with an average size of 39 nm through a combined 

co-precipitation and hydrothermal process [18]. Initially, Fe2+ 

and Fe3+ ions reacted with a tetramethylammonium hydroxide 

solution at 70°C to form precursors. These precursors were 

then treated hydrothermally at 250°C, resulting in monodis-

persed nanoparticles with excellent crystallinity. This hybrid 

approach highlights the flexibility of hydrothermal synthesis 

for producing iron oxide nanoparticles with desired proper-

ties. 

2.5. Sonochemical Synthesis 

The sonochemical method is extensively employed to fab-

ricate materials with unique characteristics, utilizing the ef-

fects of ultrasound. The core principle behind this technique is 

acoustic cavitation, a process that involves the formation, 

growth, and rapid collapse of bubbles in a liquid medium. The 

collapse of these bubbles generates localized hot spots, caused 

by shock wave formation or adiabatic compression in the gas 

phase of the bubbles. This results in extreme conditions, such 

as pressures reaching 1800 atm, temperatures as high as 5000 

K, and cooling rates exceeding 101⁰ K/s. These intense con-

ditions promote the creation of new phases and exert shear 

forces that help prevent particle agglomeration, making the 

process suitable for the synthesis of highly monodispersed 

NPs. 

In the production of iron oxide nanoparticles, this tech-

nique has demonstrated significant effectiveness. For in-

stance, magnetite nanoparticles (Fe3O4) can be synthesized 

by sonicating iron (II) acetate in water under an argon at-

mosphere. Vijayakumar et al. used this method to produce 

Fe3O4 powder with particle sizes around 10 nm, which ex-

hibited superparamagnetic behavior, though with relatively 

low magnetization at room temperature (<1.25 emu·g-1). 

Furthermore, Pinkas et al. developed a method to create 

amorphous iron oxide nanoparticles via the sonolysis of 

Fe(acac)3 in an argon atmosphere, with a small amount of 

water. By adjusting the water content in the reaction, they 

were able to control the surface area and organic content of 

the resulting Fe2O3 nanoparticles. The surface area increased 

from 48 m2·g-1 when using a dry solvent to 260 m2·g-1 with 

wet argon. 

Each of the iron oxide nanoparticle synthesis techniques 

has its own set of advantages and limitations. Hydrothermal 

synthesis and thermal decomposition are particularly effective 

for controlling nanoparticle size and morphology. The 

co-precipitation method is commonly used for creating bio-

compatible, water-soluble nanoparticles but tends to result in 

less control over particle shape, aggregation, and broader size 

distributions. Additionally, the sonochemical approach can 

yield iron oxide nanoparticles with distinctive magnetic 

properties, offering unique benefits for various applications 

[19-21]. 

3. Characterization 

3.1. Nanoscale Analysis Techniques 

Nanoscale characterization techniques, such as scanning 

electron microscopy (SEM) and transmission electron mi-

croscopy (TEM), are essential for studying the crystal struc-

tures and various nanoparticle morphologies, including rods, 

discs, plates, cubes, and ellipsoids. The structural properties 

and size of iron oxide nanoparticles, like hematite, magnetite, 

and maghemite, are influenced by the specific synthesis 

methods employed. [22]. 

SEM is a highly adaptable electron microscopy technique 

known for its unique characteristics, making it ideal for in-

vestigating the surface features (whether polished or rough) of 

larger samples. It yields images with significant depth of field 

and high resolution, allowing for easy interpretation. Fur-

thermore, SEM can generate three-dimensional images of 

samples. As the electron beam interacts with the sample's 

surface, different types of radiation are emitted, including: (i) 

secondary electrons, which are low-energy emissions (usually 

below 50 eV) from the sample atoms; (ii) backscattered elec-

trons; and (iii) X-rays, which are useful for analyzing the 

chemical composition. The information gleaned from these 

radiation properties facilitates the understanding of surface 

topography, compositional details, and crystallographic 

characteristics [23-25]. TEM, on the other hand, is exten-

sively utilized to generate contrast images where electrons are 

either diffracted or transmitted from well-defined sets of 

crystal planes. This technique provides valuable information 

through bright and dark field imaging, as well as insights into 

the morphology and microstructure of the sample. Elemental 

composition can also be examined using X-ray techniques. In 

TEM, image contrast is generated from both elastic and ine-

lastic scattering, which occurs when the primary electron 

beam interacts with the sample. This contrast can be catego-

rized into three types: absorption contrast (generating images 

of polycrystalline monophasic samples), phase contrast 

(yielding images of crystalline lattices with resolutions as fine 

as 1 nm), and diffraction contrast (where scattered electrons 

are displayed as spots or rings in alignment with Bragg's 

Law). 

3.2. Spectroscopic Methods 

Spectroscopic techniques play a crucial role in analyzing 

the chemical composition of materials. X-ray Diffraction 

(XRD), Energy Dispersive X-Ray Spectroscopy (EDX), 

Fourier-transform infrared spectroscopy (FTIR) etc are some 

of the widely used spectroscopic techniques. XRD is used to 

identify the crystalline structure of materials by analyzing 

parameters such as angular position, intensity, and peak width. 

It provides valuable crystallographic information for iron 

oxides like hematite, magnetite, and maghemite, enabling the 

classification of structures like orthorhombic, cubic, hexag-

http://www.sciencepg.com/journal/ajpc


American Journal of Physical Chemistry http://www.sciencepg.com/journal/ajpc 

 

95 

onal, octahedral, and tetrahedral. Additionally, it helps de-

termine atomic coordinates for different polymorphs of these 

oxides. EDX is used to perform an elemental analysis of the 

compounds. It detects X-rays emitted when an electron beam 

interacts with the sample, and identifies the chemical ele-

ments present. The resulting spectra consist of peaks that 

correspond to the type and relative concentration of elements 

in the sample. FT-IR is used to identify functional groups in 

iron oxides by analyzing the absorption of infrared light. 

Infrared absorption spectroscopy evaluates how a sample 

absorbs specific wavelengths of infrared light, providing data 

on wavenumber and absorption intensity. Magnetic iron ox-

ides such as hematite (α-Fe2O3), maghemite (γ-Fe2O3), and 

magnetite (Fe3O4) exhibit distinct absorption spectra. Impu-

rities from synthesis processes can create unique absorption 

bands, such as those at 1700 cm-1 for oxalate, 1300–1500 cm-1 

for nitrates, and 1400 cm-1 for carbonates. Significant ab-

sorption bands associated with hydroxyl (OH) group vibra-

tions include those at 3720, 3635, 3700, 3490, and 3380 cm-1. 

Hematite's crystalline structure lacks OH groups, as evi-

denced by the absence of absorption near 3400 cm-1, a feature 

often seen in materials synthesized using aqueous methods or 

in samples that absorb moisture during FT-IR preparation 

(e.g., when KBr is used). Maghemite displays peaks at 3740 

and 3725 cm-1 for singly coordinated hydroxyl groups, along 

with strong bands at 2640 and 3675 cm-1. Magnetite's FT-IR 

spectrum features broad peaks around 400 and 580 cm-1 [26, 

27]. 

3.3. Analysis of Physical Adsorption 

When iron oxides are utilized as heterogeneous catalysts, 

their effectiveness is significantly influenced by their struc-

tural, textural, and spectroscopic properties. Key textural 

parameters, including pore size, surface area, and particle 

morphology, are intrinsic characteristics of the particles and 

have a direct impact on their catalytic behavior. Understand-

ing and optimizing these properties are essential for enhanc-

ing catalytic performance. 

The Brunauer-Emmett-Teller (BET) method is a widely 

used technique for determining the specific surface area of 

solid materials. This method employs nitrogen gas as the 

adsorbate and uses liquid nitrogen, maintained at 77 K, as the 

coolant. By measuring the quantity of nitrogen adsorbed on 

the material's surface under controlled relative pressures 

(P/P₀), typically between 0.05 and 0.35, the BET method 

provides an accurate estimation of the material's specific 

surface area. This information is crucial because a higher 

surface area generally correlates with greater catalytic activity, 

as it allows for more active sites to participate in the reaction. 

In addition to surface area analysis, the study of pore 

structure is equally important. Parameters such as pore size, 

distribution, and shape play a vital role in determining the 

accessibility of reactants to active sites and the diffusion of 

reaction intermediates and products. The desorption branch of 

the adsorption isotherm is commonly used to analyze these 

pore characteristics. The Barrett-Joyner-Halenda (BJH) 

method is particularly effective in providing detailed infor-

mation about the pore structure. This method relies on the 

principles of capillary condensation and evaporation to cal-

culate pore size distribution and can distinguish between 

different pore types, such as micropores, mesopores, and 

macropores [28-30]. 

By combining the BET and BJH methods, researchers can 

gain a comprehensive understanding of the structural and tex-

tural properties of iron oxides. These insights enable the design 

of catalysts with optimized properties, ensuring improved 

performance in a wide range of heterogeneous catalytic appli-

cations. This analytical approach is fundamental for advancing 

the use of iron oxides in fields such as environmental remedia-

tion, energy conversion, and chemical synthesis. 

4. Conclusion 

The field of organic synthesis is undergoing significant 

transformation, focusing on innovative synthetic pathways 

that prioritize environmental sustainability by incorporating 

green materials and catalysts. In this regard, magnetic sepa-

ration has become a widely adopted technique recognized for 

its efficiency, simplicity, and robustness in recovering both 

products and used catalysts. This review aims to concentrate 

on the utilization of heterogeneous catalysts that possess the 

ability to be magnetically recovered. The inherent character-

istics of these heterogeneous magnetic materials facilitate 

straightforward recovery and reusability after completing 

specific reactions, rendering them particularly advantageous 

for green chemical processes. Moreover, we specifically 

highlight the application of iron oxide nanoparticles (NPs) in 

carbon-carbon bond formation reactions. These iron oxide 

nanoparticles are noted for their chemical and physical sta-

bility, biocompatibility, and environmental safety, which 

contribute to their suitability for various clinical applications. 

Additionally, magnetite-based nanocatalysts stand out due to 

their cost-effectiveness, ease of preparation, and non-toxic 

properties. Ultimately, this review provides a systematic 

examination of the applications of magnetically separable 

catalysts in coupling reactions, focusing on methodologies 

such as Heck, Sonogashira, and Hiyama reactions 
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