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Abstract  
 

     Functional magnetic nanoparticles have great importance in various fields of applications, 

including nanoscience, nanotechnology, environmental chemistry and biomedical 

applications. Although many groups have successfully described the synthesis of functional 

magnetic materials using various approaches and technologies, a facile, rapid, eco-friendly 

and economically feasible synthesis procedure that combines all the materials into a single 

system has remained elusive.  

     The shape of the synthesized nanoparticles is also an important consideration when 

evaluating potential practical applications. Especially for biomedical applications, the 

nanocube surface with specified crystal plane is expected to enhance the ability to immobilize 

biofunctional groups because the surface to whole volume (S/V) ratio is higher than for other 

shapes (e.g., octahedron, dodecahedron, icosahedron and sphere shape). Therefore, 

integration of cube-shaped magnetic nanoparticles (MNPs) in the form of iron oxide (Fe3O4) 

and, thereafter, functionalization of the surface with application-specific materials would 

likely enhance its performance and thus becomes a promising material for various 

applications.  

http://en.wikipedia.org/wiki/Octahedron
http://en.wikipedia.org/wiki/Dodecahedron
http://en.wikipedia.org/wiki/Icosahedron
http://en.wikipedia.org/wiki/Sphere
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     Here I have developed, a novel one-pot sonochemical approach for the synthesis of size 

controlled high magnetization iron oxide nanocubes as a core in aqueous medium, without 

the use of surfactant. The surface of Fe3O4 nanocubes were subsequently functionalized with 

various inorganic materials, including silica (SiO2), titania (TiO2), carbon (C), silver (Ag) and 

gold (Au) and applied in several applications (including catalytic and bio-sensing 

applications).  

     Recently, two approaches (the Stober and microemulsion methods) have emerged as the 

major routes for the functionalization of MNP surfaces for synthesizing of core/shell 

nanostructures. These methods are advantageous because they produce a uniform shell with 

controlled thickness, however, they require complicated environmental procedures, large 

amounts of surfactant and long synthesis times (in the range of 6-48 h). Here I have 

succeeded in developing a facile, eco-friendly and time-reducing sonochemical approach for 

functionalization of MNPs surfaces based on the exceptional reaction conditions generated 

from ultrasound of high temperatures (5000 K) and pressures (~20 MPa) with high cooling 

rates (~10
10

 K/S), thus allowing the formation of many unique materials composites. 

Furthermore, I have also developed a modified sol-gel method for the coating of particle 

surfaces using only polyvinylpyrolidone (PVP) as an amphiphilic polymer. Notably, the total 

reaction time for the synthesis of the core/shell nanostructures was found to be shorter than 

the previously reported methods.  

     MNPs are frequently functionalized or coated with SiO2 to improve their stability, 

biocompatibility and functionality, giving them promise for many bio-medical applications, 

such as magnetic resonance imaging (MRI) contrast agents, magnetically-targeted drug 

delivery vehicles and agents for hyperthermia. Here I have developed a sonochemical 

technique as well as a modified sol-gel approach for obtaining uniform Fe3O4/SiO2 core/shell 
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nanocubes. Furthermore, the thickness of the silica shell is easily controlled in the range of 4-

18 nm by adjusting the reaction parameters. The core/shell nanocubes samples were 

characterized by X-ray diffractometry (XRD), transmission electron microscopy (TEM), 

energy dispersive spectrometer (EDS), Fourier transform infrared spectroscopy (FTIR), and 

vibrating sample magnetometer (VSM). The as-prepared Fe3O4/SiO2 core/shell nanocubes 

showed good stability in air for at least 4 month as well as against annealing condition of up 

to 300 °C in presence of hydrogen gas as a strong reducing agent. Furthermore, high 

magnetization value of 50.7 emu/g was obtained for the sample with thin silica thickness (4 

nm) as a consequence of shell thickness controlled. Moreover, the biocompatibility of the 

core/shell nanocube was enhanced in comparison to that of pristine Fe3O4 nanocubes. In 

addition, the Fe3O4/SiO2 nanocubes were functionalized by Aminopropyltriethoxysilane, and 

then conjugated with streptavidin-Cy3 successfully as indicated by optical fluorescence 

microscopy.  

     On the other hand, I used the developed sonochemical techniques for the functionalization 

of Fe3O4 nanocubes by TiO2 as well as Carbon. At first, Fe3O4/TiO2 nanocubes were 

successfully synthesized through hydrolysis and condensation of iron (II) sulfate 

heptahydrate and titanium isopropoxide (as precursors of Fe3O4 and TiO2, respectively) using 

single reaction sonochemical process. XRD, TEM, EDS and FTIR were used to characterize 

the crystal structure, size and morphology, elemental composition, metal-metal and metal-

oxygen bonds of the core/shell nanocubes, respectively. The magnetic properties of the 

samples were measured by VSM at room temperature. Catalytic measurements on the 

samples showed an excellent efficiency for the degradation of methylene blue, and this 

efficiency was further promoted remarkably by addition of hydrogen peroxide (H2O2) within 

only 5 minutes of reaction time in the absence of ultraviolet irradiation. Even after recycling 

the sample for six times, the introduced catalyst was found to retain as much as 90% of initial 
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efficiency. A possible reaction mechanism for the sonochemical deposition of TiO2 on the 

surface of Fe3O4 nanocubes and also for the degradation process of methylene blue by the 

introduced catalyst will be discussed in this thesis. However, PVP as an amphiphilic polymer 

was used as a surface linker in case of synthesizing the Fe3O4/C core/shell nanocubes.  

     To functionalize Fe3O4 nanocubes with noble metals such as Ag and Au nanodots, I used 

the sonochemical technique and the seed mediated growth method, respectively, to obtain 

two different structures of Fe3O4/SiO2/Ag and Fe3O4/Au nanocubes. XRD, EDS, TEM, and 

FTIR analyses revealed that the Fe3O4 nanocubes were successfully functionalized using 

these two facile methods. The resulting Fe3O4/SiO2/Ag nanocubes showed excellent catalytic 

efficiency toward the reduction of p-nitraoaniline to p-phenylenediamine within very short 

times and a recycling efficiency of 88 % for up to 15 cycles.  

     In addition, based on this developed sonochemical approach, I have succeeded in 

synthesizing different types of ferrite nanoparticles including Co-Fe2O4, NiZn-Fe2O4, and 

MnZn-Fe2O4. TEM results showed that different morphologies structures of spherical, cubic 

and mixed shapes with different particle sizes were obtained in the range of 20 to 110 nm by 

changing the synthesis solvent medium and compositions. I obtained high saturation 

magnetization value with superparamagnetic properties for the synthesized ferrite NPs 

samples. The obtained ferrite nanoparticles with high crystallinity, high magnetic moment, 

and desirable superparamagnetic properties are expected to be promising materials for 

various biomedical applications; and the facile aqueous approach of the sonochemical 

method is expected to be a promising route for the synthesis of different ferrite materials. 

Keywords 

Sonochemical, Iron oxide (Fe3O4), Core/Shell, Catalyst, Bio-sensing Applications 
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Fig. 4-18 (a) FTIR analysis data for (A) Fe3O4 and (B, C, and D) Fe3O4/SiO2 nanocubes 

with different TEOS amounts (2, 4 and 6 mL), (b) XRD patterns of (1) as-

prepared Fe3O4 nanocubes and (2-4) Fe3O4/SiO2 nanocubes with different 

amounts of TEOS 2, 4, and 6 mL, (c) XRD patterns of (1) as-prepared Fe3O4 

and (2) Fe3O4/C nanocubes.  

Fig. 4-19 The M-H hysteresis loops measured by VSM at 300 K for Fe3O4  nanocubes, 

Fe3O4/SiO2 nanocubes with different TEOS amounts   (2, 4 and 6 mL), and 

Fe3O4/C nanocubes.  

Fig. 4-20 TEM images of the samples synthesized without ultrasound (a, b) as-prepared   

Fe3O4, (c, d, e) Fe3O4/SiO2 and (f) Fe3O4/C nanocomposites. Fig. 4-21 XRD 

patterns of the samples synthesized without ultrasound (a) as-prepared Fe3O4 

and (b-d) Fe3O4/SiO2 nanocomposites with different amounts of TEOS 2, 4, 

and 6 mL. 
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Fig. 4-21 XRD patterns of the samples synthesized without ultrasound (a) as-prepared 

Fe3O4 and (b-d) Fe3O4/SiO2 nanocomposites with different amounts of TEOS 

2, 4, and 6 mL.  

Fig. 4-22 EDS mapping analysis of Fe3O4/SiO2 nanocomposites synthesized without 

ultrasound   with Fe, O, and Si elements.  

Fig. 4-23 TEM images with different resolution of (a, b) Fe3O4nanocube and (c, d)  

Fe3O4/TiO2 nanocube.   

Fig. 4-24 EDS pattern of (a) Fe3O4nanocube and (b) Fe3O4/TiO2 nanocube. 

Fig. 4-25 (a) XRD patterns of (1) Fe3O4 nanocube and (2) Fe3O4/TiO2 nanocube, and 

(b)FTIR analysis data for both Fe3O4 and Fe3O4/TiO2nanocube.  

Fig. 4-26 The magnetization curves for (a) Fe3O4 and Fe3O4/TiO2 nanocube, and (b) 

Fe3O4 and Fe3O4/TiO2 nanocube after 3 month of first measuring measured by 

VSM at 300 K.  

Fig.4-27 UV-visible spectra for the degradation process of MB by the Fe3O4/TiO2 

nanocube sample obtained at various time in case of (a) using only Fe3O4/TiO2 

nanocube and (c) addition of H2O2 to Fe3O4/TiO2 nanocube sample, and plots 

of In C versus time for the degradation of MB using (b) Fe3O4/TiO2 nanocube 

and (d) addition of H2O2 to Fe3O4/TiO2 nanocube.  

Fig.4-28 UV-visible spectra for the degradation process of MB at various times by only 

Fe3O4 nanocube.  

Fig. 4-29 (a)The decolorization of MB caused significant color transition from initial 

dark blue (before separated) to light blue (after separated) by an external 

magnet and (b)The reusability curves of the catalyst sample (Fe3O4/TiO2 

nanocube) for 6 times used.   

Fig. 5-1 Schematic diagram illustrating the synthesis process of the silver-decorated 

silica-coated iron oxide (Fe3O4/SiO2/Ag) nanocubes and (b)   

Fig. 5-2 TEM images of (a, b) as-prepared Fe3O4 nanocubes, (c, d) Fe3O4/SiO2 

nanocubes 
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Fig. 5-3        TEM images of (a, b) Fe3O4/SiO2/Ag nanocubes, and (c) the XRD pattern   of 

Fe3O4, Fe3O4/SiO2, and Fe3O4/SiO2/Ag nanocubes  

Fig. 5-4   EDS mapping analysis of Fe3O4/SiO2/Ag nanocubes.  

Fig. 5-5 The magnetization curves for Fe3O4, Fe3O4/SiO2 and Fe3O4/SiO2/Ag  

nanocubes   measured by SQUID at 300 K, and a photograph of 

Fe3O4/SiO2/Ag nocubes in water in the absence and presence of an external 

magnet (inset).  

Fig. 5-6 TEM images of (a, b) SiO2 NPs, (c, d) SiO2/Ag NPs, and (e, f) HRTEM of 

SiO2/Ag  NPs. 

Fig. 5-7 EDS mapping analysis of SiO2/Ag nanoparticles. 

Fig. 5-8 TEM images of (a, b) Ag nanoparticles and (c) HRTEM of Ag NPs. 

 

Fig. 5-9  Schematic diagram outlining the reduction reaction of 4-nitroaniline to 4-

phynylenediamine using Fe3O4/SiO2/Ag nanocubes.  

Fig. 5-10        UV-visible spectra for the reduction reaction of a 4-nitroaniline compound by 

(a) Fe3O4 nanocubes and (b)  Fe3O4/SiO2/Ag nanocubes obtained at various 

times. 

Fig. 5-11   The recycling curves of the catalyst sample (Fe3O4/SiO2/Ag nanocubes for 15 

repetitions.  

Fig. 5-12      Schematic diagram illustrating the synthesis process of Fe3O4/Au nanocubes  

Fig. 5-13 (a) TEM images of as-prepared Fe3O4 nanocubes (b) Fe3O4/Au core/satellite 

nanocubes (c) High resolution image of Fe3O4/Au core/satellite  

Fig. 5-14 EDS mapping analysis of Fe3O4/Au nanocubes; (a) TEM image of Fe3O4/Au 

core/satellite nanocubes to be analyzed for mapping  (b) EDS mapping image 

(c) map of  Fe concentration (d) map of O concentration (e) map of Au 

concentration 

Fig. 5-15 EDS elemental analysis of Fe3O4 and Fe3O4/Au nanocubes.  
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Fig. 5-16 XRD pattern of Fe3O4, and Fe3O4/Au nanocubes.  

Fig. 5-17       The magnetization curves for Fe3O4 and Fe3O4/Au nanocubes measured by 

SQUID at 300 K.  

Fig. 6-1          X-ray diffraction of CoFe2O4 NPs synthesized in (a) Alcohol medium, (b) 

Aqueous medium, and (c) mixed medium of water and alcohol  

Fig. 6-2         TEM images of cobalt ferrite (CoFe2O4) NPs synthesized in aqueous medium 

(S1). 

Fig. 6-3       TEM images of cobalt ferrite (CoFe2O4) NPs synthesized in alcoholic medium 

(S2).   

Fig. 6-4       TEM images of cobalt ferrite (CoFe2O4) NPs synthesized in a mixed solution 

of Water/Ethanol in 1:1 volume ratio (S3). 

Fig. 6-5    TEM images of cobalt ferrite (CoFe2O4) NPs synthesized by adding 1 gm of 

PVP to the  aqueous solution, Fig. 6-5 EDS patterns of cobalt ferrite NPs 

synthesized by sonochemical method in aqueous medium (S1), alcohol 

medium (S2), and Water: Ethanol (1:1) (S3).        

Fig. 6-6 Magnetization curves of CoFe2O4 NPs synthesized in aqueous medium  (S1), 

alcohol medium (S2), mixed solution of Water: Ethanol (1:1) (S3), and PVP 

added to the aqueous solution (S4). The inset represents the calculated values 

of saturation magnetization for the four samples using M versus 1/H linear 

fitting curves.  

Fig. 6-7 Magnified view of the curves near low magnetic field and corresponding 

coercivities of different samples. 

Fig. 6-8   (a) XRD patterns of Ni-Zn ferrite NPs with different compositions, 

Ni0.2Zn0.8Fe2O4, Ni0.5Zn0.5Fe2O4 and Ni0.8Zn0.2Fe2O4, synthesized by 

sonochemical (designated as 1S, 2S and 3S, respectively) methods, and (b) 

Fig. 3 EDS pattern of Ni-Zn ferrite NPs, showing the presence of Fe, O, Ni, 

and  Zn elements in the ferrite NPs (Cu and C peaks are due to carbon copper 

grid). 
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Fig. 6-9  TEM images of Ni-Zn ferrite NPs synthesized by sonochemical methods with 

different compositions, (a, b)  Ni0.2Zn0.8Fe2O4, (c, d) Ni0.5Zn0.5Fe2O4 and (e, f) 

Ni0.8Zn0.2Fe2O4, respectively.   

Fig. 6-10      HRTEM images of Ni-Zn ferrite NPs synthesized by sonochemical methods.   

Fig. 6-11         FTIR spectra of Ni-Zn ferrite NPs (designated as Ni2Zn8, Ni5Zn5 and Ni8Zn2 

for Ni0.2Zn0.8Fe2O4, Ni0.5Zn0.5Fe2O4 and Ni0.8Zn0.2Fe2O4, respectively) 

synthesized by sonochemical method. 

Fig. 6-12         Magnetization curves of Ni-Zn ferrite NPs (designated as Ni2Zn8, Ni5Zn5 and 

Ni8Zn2 for Ni0.2Zn0.8Fe2O4, Ni0.5Zn0.5Fe2O4 and Ni0.8Zn0.2Fe2O4, respectively) 

synthesized by (a) polyol and (b) sonochemical methods. 

Fig. 6-13    XRD patterns of Mn Zn ferrite NPs with different compositions,  

Mn0.2Zn0.8Fe2O4, Mn0.5Zn0.5Fe2O4 and Mn0.8Zn0.2Fe2O4, synthesized by 

sonochemical (designated as 1S, 2S and 3S, respectively) methods. 

Fig. 6-14      TEM images of Mn-Zn ferrite NPs synthesized by sonochemical method using 

metal  chloride precursors with different compositions, Mn0.2Zn0.8Fe2O4, 

Mn0.5Zn0.5Fe2O4 and  Mn0.8Zn0.2Fe2O4, respectively. 

Fig. 6-15    (a) FTIR curves of Mn-Zn ferrite NPs (designated as Mn2Zn8, Mn5Zn5 and 

Mn8Zn2  for Mn0.2Zn0.8Fe2O4, Mn0.5Zn0.5Fe2O4 and Mn0.8Zn0.2Fe2O4, 

respectively) synthesized by sonochemical method, and (b) EDS pattern of 

Mn-Zn ferrite NPs, showing the presence of Fe, O, Mn, and Zn elements in the 

Mn-Zn ferrite NPs. 

Fig. 6-16    Magnetization curves of Mn-Zn ferrite NPs (designated as Mn2Zn8, Mn5Zn5                 

and Mn8Zn2 for Mn0.2Zn0.8Fe2O4, Mn0.5Zn0.5Fe2O4 and Mn0.8Zn0.2Fe2O4, 

respectively synthesized by sonochemical methods.
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CHAPTER-1 

Introduction 

     The magnetic nanoparticles (NPs) have been the subject of much interest because of its 

tremendous prospects in various applications in nanoscience, nanotechnology and bio- 

applications. Iron oxide nanoparticles, in particular magnetite (Fe3O4) particles, are amongst 

the most popular nanomaterials that have been applied to diverse applications, including data 

storage, spintronics, sensor, environmental, energy and biomedical applications [1-10]. 

Furthermore, nowadays the cubic shape of nanoparticles has been more interest because of 

high surface to volume (S/V) ratio which obviously will enhance its efficiency towards the 

practical applications. However, many difficulties arises when pure magnetic nanoparticles or 

nanocubes are directly used to the application system, including, stabilization, 

biocompatibility and biodegradation. Therefore, many of these particles are usually used in 

the form of a magnetic core, which is functionalized by various materials based on the types 

of desired applications. For example, in case of biomedical applications, the nanoparticles 

should have good stability, biocompatibility, hydrophilic properties, superior magnetic 

properties and affinity for binding various kinds of bio-molecules.  

     In general, functional materials can be defined as any material that integrally combines 

two or more properties designed to meet specific requirements through tailored properties. 

Although many groups have been succeeded to describe the synthesis and functionalization 

of magnetic materials by various methods and technologies, still a facile, rapid and 

economically feasible synthesis procedure to combine all the properties in one system is of 

great interest and in high demand. Furthermore, especially the surface functionalization of the 

cubic shape is quite difficult job because the tendency of nanocubes towards the aggregation 

and problem with retention of cubic shape after coating
 
[10]. Therefore, this thesis focuses on 

developing a new approach for synthesis of iron oxide (Fe3O4) nanocubes, then 
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functionalization the surface with different inorganic functional group for both catalytic and 

bio-sensing applications.  

1.1 Iron oxide (Fe3O4) nanoparticles  

 

 

     Among all kinds of iron oxides materials, magnetite with chemical formula of (Fe3O4) 

possess the most interesting properties and has the highest saturation magnetization value 

among their magnetic oxide counterpart, like maghemite (γ-Fe2O3), goethite (α-FeOOH) and 

hematite (α-Fe2O3). In general, magnetite (Fe3O4) has a cubic inverse spinel structure with 

lattice constant of 𝑎 = 0.839 [11]. In the unit cell, as shown in Fig. 1-1(a), the oxygen ions 

form an fcc closed packing, and the iron ions occupy interstitial tetrahedral sites and 

octahedral sites, symbolized as [Fe
3+

]𝐴
-
[Fe

2+
Fe

3+
]𝐵O4, in which 𝐴 (tetrahedral positions) is 

occupied by Fe
3+ 

ions and 𝐵 (octahedral sites) is occupied by eight Fe
2+ 

ions and eight Fe
3+ 

ions [12].  Magnetite is ferrimagnetic at room temperature and has a Curie temperature of 850 

K [13]. Nevertheless, the term ferromagnetic is generally used for magnetite nanoparticles, 

and the magnetic properties of Fe3O4 are ascribed to the splitting of the 5d orbitals. The 5d 

orbitals are split into two subsets due to the oxide ligands and all Fe
3+

 and Fe
2+

 ions have four 

unpaired electrons, respectively. In the octahedral site, Fe
3+ 

and Fe
2+

 ions are coupled 

ferromagnetically through a double exchange mechanism, and the Fe
3+ 

ions in tetrahedral and 

octahedral sites are coupled antiferromagnetically via the oxygen, implying that the Fe
3+

 

spins cancel out each other and thus merely unpaired spins of Fe
2+

 in octahedral coordination 

contribute to the magnetization [14]. And If the Fe
2+

 ions in some of the octahedral sites were 

oxidized, the saturation magnetization (Ms) would decrease [15]. Fig. 1-1 (b) shows the 

hysteresis loop for the magnetic materials with different forms of ferromagnetic, 

paramagnetic and superparamagnetic. 
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     Based on its excellent magnetic properties and the expected promising applications in 

various fields, many researchers have been focused their efforts for synthesis the magnetite 

nanoparticles with different shapes and size using various method, like co-precipitation [16], 

polyol [17, 18], sol-gel [19], hydrothermal [20, 21], sonochemical method [22, 23], and 

thermal decomposition methods [24, 25]. The co-precipitation is considered the most 

conventional method used to produce magnetite nanoparticles among all of the methods 

mentioned above, because of its ease of use, large volume capability and economy which 

involves the precipitation of iron precursors Fe
2+

 and Fe
3+

 in the ratio of 1:2 by using an 

alkali, usually sodium hydroxide (NaOH) or ammonium hydroxide (NH4OH) mostly at room 

temperature. However, the demerit of the co-precipitation method is mainly in the difficulty 

in controlling the size and the shape. In addition to the formation of aggregated nanoparticles 

and the low saturation magnetization (Ms) values of nanostructured [26].  

 
 
Fig.1-1(a) Crystal structure of cubic inverse spinel Fe3O4 (green ball) Fe

2+ 
(brown ball) Fe

3+ 
(white 

ball) O) and (b) the hysteresis loop for magnetic materials with different forms, ferromagnetic, 

superparamagnetic nanoparticles, where the coercive field (Hc), saturation  magnetization (Ms) and 

remanent magnetization (Mr) parameter are indicated 

 

     On the other hand, the thermal decomposition method has proved to be one of the best 

choices to synthesize the magnetic nanoparticles with good dispersion and controlling of 

shape and size of nanoparticles. However, the usage of much amount of surfactant, long 

synthesis time, and complicated procedures hampered its use in industrial applications 
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because of the high cost required. Further, the resulting NPs are hydrophobic and generally 

dissolved in nonpolar solvents only, which limited their direct bio-applications. Similarly, 

most of the other reported methods which mentioned above are depends on using much 

amount of surfactant or needed long synthesis time and in some cases they need to use the 

annealing system for improving the crystallinity, which involve high costs.  

     On contrast to the mentioned above methods, in this thesis, and based on the unusual 

reaction conditions of extremely high temperatures (5000 K) and pressures (500 bar) for a 

short duration in liquids with cooling rates reaching to 10
9
 K/s which could not be realized by 

other methods [27], I have been developed a novel sonochemical approach for the synthesis 

of iron oxide (Fe3O4) nanocubes. In this approach, I used only aqueous medium without any 

surfactant and complicated procedures. Furthermore, the method is considered as a green 

reaction without using any toxic materials. Moreover, I used a one-pot reaction with short 

time than most of the previously reported methods which consider as cost-effective method. 

In the experimental and methods chapter, the details about the sonochemical methods 

including its mechanism and experimental details are explained. 

1.2 Motivation 

     Magnetic nanoparticles (MNPs) have been gaining excessive importance because of their 

wide and promising applications in various fields, especially the catalytic and bio-medical 

applications. However, the MNPs should have several physical and chemical features to be 

useful in these types of applications. In case of bio-medical applications, the MNPs should 

have high stability, biocompatibility, biodegradation, surface affinity for binding of bio-

molecules, hydrophilicity, high crystallinity, small size of less than 100 nanometers and high 

magnetization value. Fig. 1-2 shows schematic of a general model of the required structures 

for the bio-applications. From the figure, the MNPs coated with a biocompatible materials, 

then functionalized with different bio-molecule.  
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     Although iron oxide nanoparticles are relatively biocompatible, naked iron oxide 

nanocrystals can contribute to in vitro cytotoxicity as a result of reactive oxygen species 

(ROS) generation [28]. Hence, the prerequisites for the successful applications of iron oxide 

nanoparticles are their stability, biocompatibility, and interactive functions at the surface 

along with its magnetic properties. Therefore, a wide range of inorganic and organic 

materials have been used for coating iron oxide nanoparticles as shell, and the design of the 

coating layer is depend on the surface properties of the nanoparticles and the desired 

applications. Furthermore, a biocompatible inorganic surface layer on iron oxide 

nanoparticles provides a protective shell against oxidation and reactive species, enabling 

facile surface modification for multifunctional medical applications [28]. 

 

                                        Fig. 1-2 schematic of the magnetic nanoparticles coated with biocompatible  

materials then functionalized with different bio-molecule (Antibody, 

protein,cell and DNA). 

 

     In this context, the present thesis focuses on functionalization of the iron oxide (Fe3O4) 

nanocubes surface with various inorganic materials, because of its corresponding scope of 

application has been greatly extended, and inorganic compounds functionalized Fe3O4 NPs 

are very promising for application in catalysis, bio-labeling, and bio-separation [24]. Among 
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the various types of materials which used for functionalization of Fe3O4 nanoparticles for bio-

medical applications, silica (SiO2) as well as gold (Au) is considered very promising 

inorganic materials as shell because of their excellent biocompatibility, stability and bio-

molecule binding affinity. Fig. 1-3 shows a schematic diagram for the different functionalized 

Fe3O4 nanocubes which are described in this thesis. From the figure, and for the bio-

applications purpose, I have synthesized two different structures of Fe3O4/SiO2 and Fe3O4/Au 

nanocubes. After coating Fe3O4 with silica to form core/shell of Fe3O4/SiO2 nanocubes, the 

surface was functionalized with 3-Aminopropyltriethoxysilane (APTES), and then bonded 

with streptavidin (SA) as one of the most common globular protein used in imaging, sensing, 

drug delivery, and surface modification of nanoparticles [29]. Furthermore, the stability and 

biocompatibility of the functionalized Fe3O4/SiO2 nanocubes were studied. 

 

Fig. 1-3 Schematic diagram for the surface functionalization of iron oxide (Fe3O4) nanocubeswith 

    different inorganic materials. 

 

     On the other hand, for the catalyst applications, titanium dioxide (TiO2) and noble metals 

(Ag and Au) nanoparticles have been extensively used. TiO2 nanoparticles are considered as 

excellent photocatalytic materials for the purification of wastewater, because of their 
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biological and chemical inertness, nontoxicity, strong oxidizing power, cost effectiveness, 

suitable band gap energy and long stability term against photo-and chemical corrosions, in 

addition to their excellent degradation capacity for organic pollutants [30–33]. Therefore, 

many groups have been used TiO2 nanoparticles as a catalyst material for degradation process 

of methylene blue (MB) as a wastewater, being extensively used in textile industry in spite of 

the risks of eye burns, nausea, vomiting and diarrhea by its presence in wastewater [34]. On 

the same time, Ag nanoparticles have been extensively used in the catalytic reduction of 4-

nitro organic compounds to produce 4-amino organic compounds in industry [35, 36] because 

of its high stability and active surface area. 

      However, in both cases of using of pristine TiO2 and Ag nanoparticles as a catalyst, the 

recycling process of these materials is the most probable drawback. Sedimentation is the 

common route for separation of particles after pH adjustment and a coagulation–flocculation 

process. But, after applying this method, a fraction of the NPs are usually remains in the 

treated water and a further microfiltration step is usually required for final purification [37–

39]. Thus, the combination of TiO2 and or Ag nanoparticles with Fe3O4 nanocubes to form 

core/shell nanostructures will offer possibilities for the development of advanced composite 

materials and create a promising composite for easy recycling based on the excellent 

magnetic properties of iron oxide. Moreover, magnetite (Fe3O4) is considered the most 

effective heterogeneous Fenton catalyst compared with other iron oxides [40-43], likely 

because magnetite is the only oxide that displays Fe
+2

 in its structure, which enhances the 

production rate of 
.
OH [40, 44].  

     A part from Fig. 1-3 show two different structures of Fe3O4/TiO2 and Fe3O4/SiO2/Ag 

nanocubes have been synthesized and described in details in this thesis. After that, the 

nanocubes of Fe3O4/TiO2 were used as a catalyst material for MB degradation with studying 

the recycling properties. However, Fe3O4/SiO2/Ag nanocubes were used as a catalyst material 
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for the reduction reaction of 4-nitroaniline to 4-phenylenediamine, and also the reusability 

was studied. The product of this catalyst reaction (4-phenylenediamine) is an attractive 

intermediate in the preparation of polymers, hair dyes, rubber products and it is also used as a 

developing agent in the color photographic film development process [45-47]. 

1.3 Objective and thesis outline 

     The overall goal of this thesis is to produce practically feasible magnetic nanoparticles for 

both catalytic and bio-applications. The principal objectives for achieving this goal are: (i) 

synthesis of Fe3O4 nanocubes using a novel and facile approach comparing with the reported 

methods; (ii) functionalization of iron oxide nanocube surfaces using various inorganic 

materials (i.e., SiO2, TiO2, C, Ag and Au) capable of enhancing its stability, biocompatibility 

and surface binding affinity for bio-molecules as well as their dispersion properties, thus 

meeting the requirements of various practical applications; (iii) the use of functionalized 

Fe3O4 nanocubes in various applications, including MB degradation and the reduction 

reaction of ρ-nitroaniline to ρ-phenylenediamine, as well as testing the potential of 

functionalized Fe3O4 nanocubes in bio-sensing applications (e.g., surface modification using 

APTES, followed by immobilization of streptavidin and assessing the cubes’ 

biocompatibility in vivo using Hala cells. 

The thesis-containing 6 chapters are organized as follows: 

In Chapter-1, the motivation for the work is described, including an introduction to magnetic 

nanoparticles and their synthesis procedures. Briefly, iron oxide nanocubes are described and 

how these nanomaterials are important for real-world applications is introduced. In addition, 

the functionalization of iron oxide nanocubes and their application to biosensing and catalytic 

tasks are outlined.   



9 

 

In Chapter-2, the experimental tools (in this study) for the synthesis of iron oxide nanocubes 

and core-shell nanocubes are outlined. The sonochemical method, apparatus and reaction 

mechanism are discussed in detail. In addition, the techniques that were used for the 

characterization of the nanocubes are also briefly explained.  

In Chapter-3, the synthesis of iron oxide (Fe3O4) nanocubes using the sonochemical method 

is described in detail. The effect of annealing temperature on its structures and morphology 

are discussed in details. Also, the characterization of iron oxide nanocubes by various 

analysis techniques are described, including X-ray diffraction (XRD), transmission electron 

microscopy (TEM), energy dispersive spectrometer (EDS), scanning electron microscopy 

(SEM) and superconducting quantum interference device (SQUID). 

In Chapter-4, the functionalization of iron oxide nanocube surfaces with various oxide 

materials, including SiO2, TiO2 and C, are discussed in detail. Findings concerning the 

biocompatibility and surface binding affinity of Fe3O4/SiO2 are also discussed. In addition, 

the methylene blue degradation mechanism by Fe3O4/TiO2 is explained in detail.  

In Chapter-5, the functionalization of iron oxide nanocube surfaces with noble metals, 

including silver and gold to produce Fe3O4/SiO2/Ag and Fe3O4/Au nanocubes is described. In 

addition, the catalytic activity and recycling properties of the synthesized functional materials 

for the reduction reaction of ρ-nitroaniline to ρ-phenylenediamine are explained. 

In Chapter-6, shape and size controlled synthesis of various ferrite nanoparticles including 

NiZn-Ferrite, MnZn-Ferrite and Co-Ferrites NPs using a sonochemical method are discussed 

in detail.   

Finally, a brief summary of the overall thesis work 
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CHAPTER- 2 

2. Sonochemical method, experiments and characterization techniques 

This chapter mainly focuses on the synthesis and functionalization procedure of iron 

oxide nanocubes using sonochemical method. The proposed mechanism and apparatus of the 

sonochemical technique are explained with including some literatures review. The 

characterization techniques used for analysis of physical and chemical properties of the 

functionalized nanocubes are described briefly.   

2.1 Synthesis methods of MNPs 

     As I mentioned in the introduction part, there are several methods have been reported for 

the synthesis of magnetic nanoparticles. Even though some of the reported methods provide 

great contribution and benefits in terms of size and shape controlling of  magnetic 

nanoparticles as well as nanoparticles dispersion, but they needed much amount of surfactant, 

long synthesis time and consequently involves high costs which of course inhibits their usage 

in the large scale of industrial applications. However, in this work, I succeeded to develop a 

novel sonochemical approach for synthesis of magnetic nanoparticles in which we can 

dispense for using any surfactant and the reaction was performed in short times with 

possibility for controlling the shape and size of the nanostructures. In this chapter, I will 

discuss the mechanism of sonochemistry in details, and later in the results and discussion part 

I will include the details of experimental procedures. 

2.1.1 Sonochemistry 

     Ultrasound is the sounds which have frequency above human hearing in the range of 

(16Hz-18 kHz). Sonochemistry is the research area in which molecules undergo a chemical 
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reaction by employing powerful ultrasound radiations in the range of 20 kHz-10 MHz [1]. 

Fig. 2-1 shows the frequency range of the human hearing sound as well as the used range of 

frequency in the applications of sonochemistry. The use of sonochemical method for 

synthesis of different nanomaterials has become an important technique in the last few years 

due to its usefulness in synthesis of wide range of unique nanostructures in rapid reaction, 

which cannot be perform by many other traditional methods. The unique structure of 

materials is produced based on the unusual and extreme reaction conditions due to the 

formation, growth and implosive collapse of bubbles in a liquid medium, generating localized 

hot spots with  high temperatures (5000 K) and pressures (~ 20 MPa) and very high cooling 

rates (~10
10

 K/S) which come from the collapse of the bubbles [2, 3]. Furthermore, the 

advantages of the sonochemical approach over conventional methods in the synthesis of 

metal oxide NPs, includes more uniform size distributions, a higher surface area, faster 

reaction time, and improved phase purity, have been recognized by many research groups [4].  

 

                                   Fig. 2-1 Frequency range of sound (ref. 5) 

       In sonochemistry, energy is supplied to the system by irradiating a liquid with high 

intensity ultrasonic waves in order to produce regions of extreme temperature and pressure 

[6]. Ultrasound does not directly produce these extreme conditions because acoustic 
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wavelengths are much larger than molecular dimensions and thus no direct molecular level 

interaction between ultrasound and a chemical species takes place, however, ultrasound 

creates acoustic cavitation which is the formation, growth, and implosive collapse of bubbles 

in the liquid [7]. When a liquid is irradiated with ultrasonic waves, it is subjected to 

alternating expansive and compressive acoustic waves, and during the negative pressure 

cycle, the liquid is pulled apart at “weak spots” to form voids [8]. The “weak spots” in the 

liquid are those locations which contain some form of gaseous impurity, and therefore, 

chemical effects due to ultrasound are not observed when there are no dissolved gases in the 

system [7]. The alternating pressure waves cause this newly formed void to oscillate between 

expansion and contraction cycles [6]. In certain conditions, the bubble will grow at a greater 

rate during the expansion cycle than it shrinks during the compression cycle, and the bubble 

can accumulate ultrasonic energy until it grows to a certain size (typically on the order of tens 

of micrometers) [7]. Eventually, the bubble may reach a size where it can no longer 

efficiently absorb energy and collapse, and then the collapse of the bubble can be assumed to 

occur adiabatically because it happens in such a small amount of time [6, 8, and 9]. At this 

point, the accumulated energy stored in the bubble will be released within very short time in a 

very localized spot leading to extraordinary conditions of a temperature of ~5000 K and a 

pressure of ~1000 bar [6]. Fig. 2-2 shows formation, growth and collapse of cavitation 

bubbles. 

       Suslick and coworkers were the first rsearch group to prepare nanostructured metals 

using sonochemistry [10], and they had studied the effects of cavitation conditions on 

amorphous iron synthesis. Since, it’s well known that it is possible to control the sizes and 

morphologies of nanoparticles by synthesis method as well as other factors [11]. In 

sonochemical synthesis usually produces spherical particles and however several groups have 
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recently had some success in shape tuning [7]. Jiang et al. were able to alter the shape of both 

gold and silver nanostructures using a seeded growth strategy [12].  

 

                        Fig. 2-2 Generation of an acoustic bubble Formation, growth and collapse of  

cavitation bubbles (ref. 5). 

      Generally, the synthesis of nanostructures using the sonochemistry is mainly attributed to 

the so-called chemical effect, physical effect or combination between both physical and 

chemical effects. In case of chemical effect, it can be divided into primary sonochemistry 

employing volatile precursors and secondary sonochemistry using non-volatile precursors 

[13]. Further, the chemical effects of ultrasound were explored for many years, nearly always 

in water [14-17], and the ultrasonic irradiation of aqueous liquids generates free radicals, and 

the primary sonolysis products in water are H
.
 and OH

.
 radicals [6, 17].  

     On the other hand, the most important physical effect of ultrasound for the synthesis or 

modifications of nanostructures are microjets and shockwaves [13]. Microjets occur when 

bubbles collapse near an extended surface (i.e., surfaces several times larger than the bubble 

radius) [18]. The inhomogeneity of the bubble’s surroundings induces an asphericity into the 

bubble, which self-reinforces during collapse; this is similar to a shaped-charge explosive, 
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and also these high speed microjets impact on the surface and can cause pitting and erosion of 

surfaces leading to modification of surfaces and generation of surface nanostructures [13]. 

     In this thesis, I aimed mainly to develop an approach of sonochemical in which I can 

dispense for using any kinds of surfactant and using only aqueous medium based on the 

unusual properties of temperatures and pressures which generated from ultrasonics irradiation 

as I mentioned above, and in addition to the sonochemical irradiation of water produces 

radicals which can act as reducing agents. On the other hand, not only synthesis of magnetic 

nanoparticles in absence of surfactant but also we indicated that the possibility for controlling 

both of shape and size of magnetic nanoparticles by changing some parameters like solvent 

and reagents content. For example, in case of synthesis of cobalt ferrite (CoFe2O4), and when 

different solvents such as water, ethyl alcohol and mixed of both used, different shapes of 

sphere and cube as well as different size of nanoparticles were obtained [19]. 

 

   Fig 2-3 Schematic diagram of experimental apparatus for sonochemistry. 
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      A novel and facile approach of sonochemical method was developed here in this thesis 

for synthesis and functionalization of iron oxide (Fe3O4) nanocubes using only aqueous 

medium. A schematic diagram of the sonochemical experiment setup is shown in Fig. 2-3 

[20]. The ultrasonic processor (Vibra Cell-VCF 1500, Sonics and Materials) with a maximum 

power of 1500W was used in this experiment. The sonoreactor was equipped with a titanium 

horn having 5 cm
2
 of irradiating surface area, and piezoelectric transducer supplied by a 20 

kHz generator was immersed below the surface of the sonicated liquid.  

2.1.2 Sonochemical mechanism for synthesis of Fe3O4 NPs 

     The chemical reaction driven by intense ultrasonic waves, which are strong enough to 

produce cavitation, causes oxidation, reduction, dissolution, decomposition and hydrolysis 

[21-24]. Ultrasonic irradiation of aqueous liquids generates free radicals of H
.
 and OH

.
 

radicals [17]. These radicals can recombine to return their original form or combine to 

produce H2 and H2O2, and these resultant strong oxidants and reductants in turn are utilized 

during various sonochemical reactions in aqueous solutions [25]. 

H2O →H
.
 +OH

.
                                                                                                    (1) 

 

H
.
 +H

.
 → H2                                                                                                                                    (2) 

 

OH
.
 +OH

.
 → H2O2                                                                                               (3) 

 

FeSO4 (s) → Fe
+2

 (aq) + (SO4)
 -2

 (aq)                                                                                                          (4) 

 

Then the oxidant H2O2 thus generated is suggested to initiate the oxidation of Fe
+2

 

 

2 Fe
+2

  + H2O2 → 2 Fe
+3

  + 2OH 
-                  

                                                            (5) 

Fe 
+2

  +2Fe
+3

 + 8 OH 
-
→Fe3O4 + 4H2O                                                                (6) 
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2.1.3 Functionalization with different inorganic group 

     For the functionalization or surface coating of magnetic nanoparticles, there are many 

approaches have been reported. The Stober method and microemulsion method are the 

prevailing choices for surface coating of magnetic nanoparticles NPs in case of silica [26, 

27]. However, recently, ultrasonic approach has been successfully used for the synthesis of 

various nanocomposites with distinguished core–shell structure. In this thesis, for the coating 

of iron oxide nanocubes surface with silica (SiO2), I developed a novel sonochemical method 

and also a modified rapid sol-gel approach. In the first approach of sol-gel, the polyvinyl 

pyrolidone (PVP) as a surface linker to the silica was used, however, in the second approach 

of sonochemical method, the generated physical parameters of shock waves and microject 

from the ultrasonics irradiation were played the key role in this reaction and also the amount 

of TEOS as a silica source for completely coating the magnetite nanocubes surface with 

silica. The same approaches was used in the other cases of functionalization the Fe3O4 

nanocube surface with titania (TiO2), silver (Ag), gold (Au) and carbon(C). The details of 

experimental methods as well as the reaction mechanism for the surface functionalization will 

be discussed in details in the results and discussion part later in this thesis. 

2.2 Characterization of materials 

2.2.1 Phase determination and crystallite size measurement 

     The crystal structure of the synthesized nanoparticles was analyzed by X-ray diffraction 

(XRD. Regaku D/max-250) with Cu K α radiation (=1.540562 Å) and in the 2 range from 

20 to 80 degrees. The operational voltage and current were kept at 40 kV and 300 mA, 

respectively. The crystallite size of the sample was calculated from the XRD pattern using the 

Scherrer [28] equation  
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D= K/ cos                                                                               (1) 

where  is the X-ray wavelength (1.540562 Å),  is the full width at half maximum 

(FWHM),  is the Bragg angle for the studied peak/ring, and K is the shape factor which is 

normally taken as 0.9 for magnetite and maghemite [29]. We applied this equation to the best 

fitting highest intensity (311) XRD peak in case of magnetite nanoparticles with spinel 

structures and then estimated the crystallite size , however, we used the (110) XRD peak in 

the case of bcc structures, and after that we compare it with the size which obtained from the 

typical TEM image of the same sample. On the same time, it is quite natural that the Scherrer 

formula provides relatively a smaller value for the particle size as the width of the diffraction 

peak is caused by, apart from the particle size, a variety of other factors including 

inhomogeneous strain and instrumental effects [28]. 

2.2.2 Microscopy studies (shape and size studies) 

     

          Fig. 2-4 Transmission electron microscopy (TEM) equipment for measuring the 

size and shape  of  nanoparticles 
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The size and morphology of the nanoparticles were characterized using both scanning 

electron microscopy (SEM, JEOL JSM-7000F) and transmission electron microscopy (TEM, 

The Tecnai G2 F20 operated at 200 kV). The chemical composition was analyzed by the EDS 

detector embedded on the TEM. Samples for TEM analysis are prepared by depositing one 

drop of dilute (almost colorless) NP dispersion in solvents such as hexane, ethanol, 

chloroform, water on amorphous carbon coated copper grids. The image of TEM instrument 

is shown in Fig.2-4. 

2.2.3 Magnetic measurement 

      

 

Fig. 2-5 Vibrating sample magnetometer for measuring the magnetic properti  

of nanoparticles 

The magnetic properties of the nanoparticles were measured by means of a Physical Property 

Measurement System (PPMS, Quantum Design Inc) at different temperatures in the range of  

5~300 K, and also using a Vibrating Sample Magnetometer (VSM) from LakeShore (Model 

7400) high-sensitivity VSM with fields up to ~1.3 T at room temperature. Specimens for 
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VSM measurements are prepared by precipitation of NP dispersions using ethanol to remove 

any extra surfactants. The precipitated NPs are then dried to form non-sticky powder in 

ambient conditions and transferred into a plastic/glass capsule. A bead rolled up with 

parafilm or cotton is then inserted into the capsule to make sure the powders are fixed at the 

bottom center. The image of VSM instrument is shown in Fig.2-5. 

2.2.4. Catalytic activity test 

     There were two types of catalytic reaction I have studied in details in this thesis. The first 

one is the methylene blue degradation using Fe3O4/TiO2 nanocubes. In a typical catalysis 

reaction, 50 mg of catalyst nanocubes sample were added to 1 mL of 5 mM methylene blue at 

room temperature in absence of UV irradiation. The degradation or decolorization of 

methylene blue was monitored by a UV-visible spectrophotometer at different reaction 

periods, using quartz cuvettes with 1 cm path length. For UV-visible measurements the 

samples were prepared by addition of 990 µL of water into 10 µL of the reaction mixture in 

the quartz cuvette. In another reaction, 100 µL of hydrogen peroxide (H2O2) was also added 

to the reaction mixture and repeated the experiment under the same reaction conditions. After 

the completion of the degradation process, the Fe3O4/TiO2 nanocubes were separated from 

the mixture by a permanent magnet, washed three times with distilled water and then reused 

in the next cycle. The same procedure was repeated up to 6 cycles. The second catalytic 

reaction is the reduction of 4-nitroaniline to 4-phynylenediamine using Fe3O4/SiO2/Ag 

nanocubes, and the details are explained in this thesis. The UV-visible spectrophotometer 

instrument picture is shown in Fig. 2-6.  
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                             Fig. 2-6 UV equipment used for measuring the efficiency of our                         

synthesized catalyst materials 

2.2.5. Spectroscopic studies 

     Fourier transform infrared (FTIR) spectra were recorded using an attenuated total 

reflectance instrument (Brucher Optic GmbH, Germany) for nanoparticles surface coatings. 

The FT-IR Spectroscopic data was taken in the spectral range from 4000-400 cm
-1

 to interpret 

the traces of surface coating of different inorganic groups on the nanoparticles. The FT-IR 

spectroscopy instrument image is presented in Fig. 2-7. 

 

                                 Fig. 2-7 Image of ATR FT-IR instrument 
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2.2.6. X-ray photoelectron spectroscopic studies 

In order to analyze the surface components of nanocubes, XPS spectra were 

measured. The XPS characterization was performed using X-ray photoelectron spectrometer 

(Multilab 2000, Thermo scientific) equipped with an alpha 110 hemispherical electron energy 

analyzer and an Al Kα X-ray twin anode source (hυ-1486 eV, power-200W, energy range 0-

15 kV). The XPS survey was done from binding energy 0 to 1100 eV.  

References  

[1] A. Gedanken, Ultrason Sonochem 11 (2004) 47 -55. 

[2] Y.T. Didenko, W.B. McNamara, K.S. Suslick, J. Am. Chem. Soc. 121(1999) 5817-5818. 

[3] E.B. Flint, K.S. Suslick, Science 253(1991) 1397-1399. 

[4] J.H. Bang, K.S. Suslick, Adv Mater 22 (2010)1039-1059. 

[5] T.J. Mason, Introduction to sonochemistry, The sonochemistry center at Coventry 

University, England.               

[6] J.H. Bang, K.S. Suslick, Adv Mater 22 (2010)1039-1059. 

[7] N.D. McNamara, Thesis, University of Dayton, Dayton, Ohio , 2011. 

[8] L.H. Thompson, L.K. Doraiswamy. Ind. Eng. Chem. Res 38(1999) 1215-1249. 

[9] A. Gedanken, Ultrason. Sonochem 11(2004) 47-55. 

[10] M.W. Grinstaff, A.A. Cichowlas, , S.B. Choe; K.S. Suslick, Ultrasonics 30(1992) 168-

172. 

[11] G. Liu, G. Hong, J. Wang, X. Dong, J Alloy Compounds 432 (2007) 200. 

[12] L.P. Jiang, S.Xu, J.M. Zhu, J.R. Zhang, J.J. Zhu, H.Y. Chen, Inorg. Chem 43(2004) 

5877-5883. 

[13] H. Xu, B.W. Zeiger, K.S. Suslick, Chem. Soc. Rev 42 (2013) 2555. 

[14] A. Weissler, J. Am. Chem. Soc 81(1959) 1077. 

http://www.scs.illinois.edu/suslick/documents/jacs995817.pdf
http://www.scs.illinois.edu/suslick/documents/science911397.pdf


25 

 

[15] A. Weissler, Nature 193 (1962)1070. 

[16] M. Anbar, I. Pecht, J. Phys. Chem 68 (1964) 352. 

[17] K. Makino, M.M. Mossoba, P. Riesz, J Am Chem Soc 104 (1982)  3537-3539. 

[18] J.R. Blake, D.C. Gibson, Ann. Rev. Fluid Mech 19 (1987) 99. 

[19] M. Abbas, B.P. Rao, M.N. Islam, K.W. Kim, S.M. Naga, M. Takahashi, C. Kim, Ceram 

Inter 40(2014)3269–3276. 

[20] M. Abbas, M. Takahashi, C. Kim, J of Nanoparticle Research 15( 2012) 

[21] K.S Suslick, Ed. Ultrasound. VCH: Weinheim, Germany, 1988.  

[22] A. Henglein, M. Gutierrez, J  Phys Chem 92 (1988)  3705-3707. 

[23] J.Z Sostaric, M. Paul, G. Franz, J Chem Soc Faraday Trans 91 (1995) 2843-2846. 

[24] M. Gutierrez, A. Henglein, J.K. Dohrmann, J Phys Chem 91(1987) 6687-6690. 

[25] J.H. Bang, K.S. Suslick, Adv  Mater 22 (2010) 1039-1059. 

[26] W. Stober, A. Fink, E. Bohn, Journal of Colloid and Interface Science 26 (1968) 62. 

[27] S. Santra, R.Tapec, N.Theodoropoulou, J. Dobson, A. Hebard, W.H. Tan, Langmuir 

17(2001) 2900–2906. 

[28] B.D. Cullity, S.R. Stock, Elements of X-Ray Diffraction, 3rd Ed., Prentice-Hall 

Inc.(2001) p 167-171. 

[29] Y.K. Sun, M. Ma, Y. Zhang, N. Gu, Colloids and Surfaces A: Physicochem. Eng. 

Aspects 245 (2004) 15-19. 

 

 

 

 

 



26 

 

CHAPTER -3 

Facile sonochemical synthesis of high magnetic moment iron oxide (Fe3O4) nanocubes 

This chapter mainly focuses on synthesis of iron oxide (Fe3O4) nanocubes. The 

nanocubes were synthesized using facile, one-pot, eco-friendly sonochemical method in 

aqueous medium. The size of the nanocubes are found to be around 80 nm with saturation 

magnetization value of 91 emu/g measured by PPMS at 5 K. The effect of different annealing 

temperatures on the crystallite size, shape, and magnetic properties of the iron oxide 

nanocubes were studied in details. The main aim of the synthesis of Fe3O4 nanocubes is for 

the use of a core material for functionalization with different materials towards catalytic as 

well as bio-applications. 

3.1 Introduction  

     A magnetite (Fe3O4) nanocrystal is considered to be the most promising magnetic oxide 

because of its various technological applications, like data storage [1-2], sensors [3], 

spintronics [4-6], drug delivery [7], and environmental protection [8, 9]. As the electrical, 

optical, and magnetic properties of these nanoparticles strongly depend on their dimensions 

[10], it is required to synthesize uniform size of magnetite with specific physical features like 

small size, monodisperse, high magnetization, high crystalline with different shapes as well 

as with chemical features of non-toxicity and hydrophilicity, depending on their application 

fields.  

     The monodispersed magnetite nanocubes and nanorods are interesting not only in 

introducing novel electric and magnetic properties that are different from those observed in 

their spherical counterparts, but also in serving as building blocks to prepare self-assembled 

arrays for the applications in the electronics, data storage and biological sensors [11]. 
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Especially, from the biomedical application point of view, the nanocube surface with 

specified crystal plane is expected to enhance the amount of the immobilization of bio-

functional groups, because the surface to whole volume (SV) ratio is higher than other shapes 

like octahedron, dodecahedron, icosahedron and sphere shape [12, 13] as illustrated in Table. 

3-1. 

 

               Table. 3-1 The surface-to-volume ratio of different shapes. 

     Several groups have worked to synthesize Fe3O4 nanocubes by solvothermal [14, 15], 

polyol [16] and thermal decomposition methods [17, 18]. Even though these methods provide 

some benefits in the control of size, component and dispersion, but they need much amount 

of surfactant, long synthesis time, deoxygenated protection and process in organic phase. 

However, the physicochemical effects of sonochemical method causes the formation, growth 

and implosive collapsing of bubbles in liquid medium [19], and thus brings uniform size 

distribution, high surface area, fast reaction time, improved phase purity [20] and 

hydrophilicity [21]. 

     Recently, two groups have synthesized Fe3O4 nanoparticles in aqueous solution by 

sonochemical method using the same precursor of iron (FeSO4. 7H2O). Mizukoshi and co-
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workers have synthesized Fe3O4 nanoparticles by using FeSO4. 7H2O in aqueous solution 

containing NaOH and (PEG-MS), but they have obtained relatively irregular shapes of 

nanoparticles with small saturation magnetization of 32.8 emu/g at 300 K [22]. Also, Cheng 

and co-workers have synthesized Fe3O4 nanoplates using FeSO4. 7H2O in aqueous solution 

containing NaOH and NaAc. They have succeeded in producing a new shape of nanoplate 

Fe3O4, but their sizes are not uniform and saturation magnetization is relatively low, 54 

emu/g [23]. 

     Herein I report a one-pot new facile synthetic route for the preparation of high magnetic 

moment Fe3O4 nanocube by eco-friendly sonochemical method using FeSO4. 7H2O in 

aqueous medium only, and without complicated procedures. The crystalline structure and 

shapes of synthesized nanocubes were examined by XRD, SEM, TEM, and the saturation 

magnetization was analysed as functions of measuring and annealing temperatures in terms of 

crystalline phases. 

Sonochemical mechanism synthesis of Fe3O4  

     The chemical reaction driven by intense ultrasonic waves, which are strong enough to 

produce cavitation, causes oxidation, reduction, dissolution, decomposition and hydrolysis 

[24-27]. Ultrasonic irradiation of aqueous liquids generates free radicals of H
.
 and OH

.
 

radicals [28]. These radicals can recombine to return their original form or combine to 

produce H2 and H2O2, and these resultant strong oxidants and reductants in turn are utilized 

during various sonochemical reactions in aqueous solutions [20]. 

H2O →H
.
 +OH

.
                                                                                 (1) 

H
.
 +H

.
 → H2                                                                                                                                            (2) 

OH
.
 +OH

.
 → H2O2                                                                                                             (3) 
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FeSO4 (s) → Fe
+2

 (aq) + (SO4)
 -2

 (aq)                                                                                                                                 (4)  

Then the oxidant H2O2 thus generated is suggested to initiate the oxidation of Fe
+2

 

 2 Fe
+2

  + H2O2 → 2 Fe
+3

  + 2OH 
-                  

                                                                          (5) 

Fe 
+2

  +2Fe
+3

 + 8 OH 
-
→Fe3O4 + 4H2O                                                                               (6) 

3.2 Experimental details 

3.2.1 Materials  

     Iron (II) sulfate heptahydrate (FeSO4.7H2O), sodium hydroxide (NaOH), and ethyl alcohol 

(C2H5OH) (99 %) were purchased from Samchun pure chemical. Co, Ltd. All chemicals were 

of analytical reagent grade and used as received without any further purification and the 

synthesis process was carried out under an ambient temperature. 

3.2.2 Synthesis of iron oxide (Fe3O4) nanocubes 

     In a typical synthesis process, 2.31 gm of FeSO4. 7H2O was dispersed in 90 mL distilled 

water for 10 minutes using magnetic stirrer, and then sonicated using an ultrasonic processor 

for 75 minutes. 9 mL of 3M NaOH was injected in the reaction after 15 minutes of starting 

ultrasonication. A schematic diagram of the sonochemical experiment setup is shown in Fig. 

3-1. The ultrasonic processor (Vibra Cell-VCF 1500, Sonics and Materials) with a maximum 

power of 1500W was used in this experiment. The sonoreactor was equipped with a titanium 

horn having 5 cm
2
 of irradiating surface area, and piezoelectric transducer supplied by a 20 

kHz generator was immersed below the surface of the sonicated liquid. Finally, the obtained 

mixture was washed and sonicated (using cleaner SH-3400) for five times in water and 

ethanol while collecting the precipitate using a magnet, and then dried in a vacuum 

evaporator. The as-synthesized Fe3O4 nanocubes were annealed in the temperature range of 

400~700 ºC in a vacuum chamber for 2 hours. 
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                                 Fig. 3-1 Schematic representation of the sonochemical setup used for the 

synthesis of iron oxide NPs. 

 

3.2.3 Characterization 

     The crystal structure of the as-synthesized and annealed nanoparticles was analyzed by X-

ray powder diffraction (XRD. Regaku D/max-250) with Cu K α radiation (=1.540562 Å) 

and in the 2 range from 20 to 80 degrees. The operational voltage and current were kept at 

40 kV and 300 mA, respectively. The size and morphology of the nanoparticles were 

characterized using transmission electron microscopy (TEM, The Tecnai G2 F20 operated at 

200 kV). The chemical composition was analyzed by the EDS detector embedded on the 

TEM. The magnetic properties of the nanoparticles were measured by means of a physical 

property measurement system (PPMS, Quantum Design Inc) at different temperatures in the 

range of  5~300 K. 
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3.3 Results and discussion  

3.3.1 Structure Characterization  

       The X-ray diffraction pattern of as-synthesized Fe3O4 sample is shown in Fig. 3-2a. The 

peaks can be indexed at 30.1°, 35.4°, 37.0°, 43.0°, 53.39°, 56.9°, 62.6°, 70.9°, 73.9° and 

78.9°, corresponding to the crystal planes of (220), (311), (222), (400), (422), (511), (440), 

(620), (533) and (444), respectively. The sharper and stronger peaks indicate the formation of 

iron oxide with a cubic inverse spinel structure, which are consistent with the standard data 

for magnetite (JCPDS card no.00-019-0629). Fig. 3-2(b-d) shows the annealing temperature 

effects on the peaks, where the intensity of the peak slightly increases with annealing 

temperature until 600 °C, then decreases at 700 °C. Besides, new peaks at (203), (116), (216), 

(109) and (226) are also noticed, corresponding with the maghemite phase of γ-Fe2O3 

(JCPDS card no. 01-076-3169).  

 

 Fig. 3-2 XRD patterns of magnetite nanocubes; (a) as-synthesized, (b) annealed at 

400 °C, (c) annealed at 600 °C and (d) annealed at 700 °C. 
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     Using Rigaku, Jade 9 program we determined the percentage of maghemite phase as 

1.7 %. The presence of this small amount of maghemite, even though we used a vacuum 

chamber in the annealing of the magnetite sample, may be attributed to the so called 

topotactic transformation. In such case, the possibility for oxidation is the diffusion of iron 

rather than the presence of additional oxygen, and the previous studies have shown that iron 

diffusion is enough to explain the kinetics of the oxidation of magnetite to maghemite [29]. 

Similar results for the phase stability of magnetite nanoparticles up to 600 °C in vacuum 

chamber and formation of trivial maghemite phase which induced in the post annealing 

treatment of magnetite nanoparticles at 700 °C have been reported [30]. 

 

 Fig. 3-3. EDS pattern of (a) as-prepared, and  (b, c, d) annealed magnetite 

nanocubes  at 400, 600 and 700 °C , showing the presence of Fe and O 

elements in the magnetite nanocubes (Cu and C peaks are due to carbon 

copper grid). 

     The EDS analysis in Fig. 3-3a shows that the synthesized nanoparticles are iron oxide. 

Here we can get the Fe3O4 formula of the nanoparticles, containing 75.3 % and 24.7 % for 

iron and oxygen (estimated as weight %) concentrations, where the atomic weight of iron and 
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oxygen is 55.8 and 15.9, respectively. So it is noted that the as-synthesized nanoparticles are 

single phase magnetite (Fe3O4). Also, the annealed samples at 400 °C, 600 °C and 700 °C 

show nearly the same results of iron and oxygen concentration as illustrated in Fig. 3-3(b, c 

and d). 

3.3.2 Morphology characterization 

     The shape of the magnetite nanoparticles was shown in Figs. (3-4, 3-5, and 3-6) observed 

by TEM for the as-prepared and annealed magnetite nanoparticles. Fig. 3-4a shows the low-

magnification TEM image of the as-prepared magnetite nanoparticles, where the cubic shape 

with well crystallinity is revealed. This is consistent with the sharp and stronger peaks 

obtained from the XRD data and thus confirms the cubic inverse spinel structure of the 

magnetite. Furthermore, the electron diffraction pattern, in the inset of Fig. 3-4a, exhibits a 

good crystalline nature of magnetite, corresponding to a cubic structure. The high-resolution 

TEM (HRTEM) image of the nanoparticles, as shown in Fig. 3-4b, reveals the high 

crystallinity of the nanoparticles with clear-cut edges and average particle size of about 80 

nm.  

 

               Fig. 3-4 TEM images of as-synthesized magnetite nanocubes at different 

magnifications; (a) with low magnification and (b) with high- magnification. Inset 

in (a) represents electron diffraction pattern. 
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     Figs. 3-5 and 3-6 show the TEM images of the annealed magnetite nanocubes at 400 °C, 

600 °C and 700 °C, respectively. Fig 3-5(a, b) shows the low- and high magnification TEM 

images of the annealed magnetite at 400 °C which reveals a small increment in size to be 

nearly in the range of 80 to 85 nm with high crystallinity structure. Whereas, Fig 3-5(c, d) 

shows the TEM images of the annealed sample at 600 °C with size ranging from 85 to 90 nm 

and are marked by very high crystallinity structure with sharp- cut edges. 

 

             Fig. 3-5 TEM images of the annealed magnetite nanocubes at (a, b) 400 °C, and (c, d)     

600 °C . 

      On the other hand, increasing the annealing temperature up to 700 °C resulted in a slight 

distortion in the shape of the magnetite nanocube, as shown in Fig. 3-6a. This distortion is 

clearly visible in the magnified TEM images in Fig. 3-6(b, c) where in the surfaces of the 

particles look like melted or broken. Moreover, the size of the nanoparticles in case of 



35 

 

annealed 700 °C sample is in the range of 40 to 90 nm with a broad size distribution 

comparing with the uniform size and shape in the other annealed samples of 400 °C, 600 °C 

and the as-synthesized magnetite. Furthermore, the electron diffraction pattern, in the inset of 

Fig. 3-6a, also exhibits the distortion or the low crystallinity structure of the magnetite 

nanocube. The decrease in particle size and the change in particle shape which resulted from 

the effect of annealing at 700 °C are agreed with the previous report [30, 31].  

 

Fig. 3-6 TEM images of the annealed magnetite nanocubes at 700 °C with different 

magnification (a, b) Low-magnification and (c) high- magnification. Inset in (a) represents 

electron diffraction pattern.  

     Fig. 3-7 shows the diagram for particle size distribution of the as-synthesized and 

annealed magnetite nanocubes deduced from the analysis of the TEM images, and it explains 

the behaviour of nearly constant increment of size with annealing temperature up to 600 °C 

as illustrated above. Nevertheless, though there are little variations in the size and the size-

distributions for the samples of as-synthesized and annealed magnetite nanocubes, it may by 

and large be concluded from the above that the sonochemical technique in the present study 

produced magnetite nanoparticles in cube shape only.  
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Fig. 3-7 The diagram for particle size distribution of as-synthesized and 

annealed magnetite nanocubes obtained from TEM images. 

     Ultrasonics irradiation in the sonochemical technique provides rather unusual reaction 

conditions such as extremely high temperatures (about 5000 K) and high pressures (about 20 

MPa) in liquids combined with a rapid cooling rate (about 10
10

 K/S) for a short duration, 

which can otherwise not be realized by other methods [32]. Also, it is believed that the 

ultrasonics irradiation significantly enhances the hydrolysis rate, and shock waves can induce 

unusual morphological changes in the synthesis of metal oxides, leading to more uniform size 

distribution, a higher surface area, faster reaction time, and improved phase purity [20], in 

addition to the hydrophilic properties [21]. Thus, if one takes into account the advantages 

offered by the sonochemical technique and also the higher surface-to-volume ratios shown in 

Fig.3-1 for evaluation, it can be understood that the most probable shape resulting out of 

sonochemical technique could be that of the cube only. In accordance with the above, the 

magnetite nanocubes in the present study clearly satisfy all the above typical characteristics 

of sonochemical approach particularly to have the uniform size distribution and large surface 

to volume ratio as evident from the obtained SEM and TEM images, and also the 
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hydrophilicity of our sample which resulted as a reason for using only aqueous medium in the 

reaction. Further, apart from the fast reaction time (75 minutes for the as-synthesized sample) 

used in our experiment, the high phase purity and crystallinty of structure were also 

confirmed from the data of X-ray diffraction. However, in spite of our observations of cube 

shaped magnetite nanoparticles, based on the existing literature it is still far from reaching 

any specific conclusion that the sonochemical technique can produce only the cube shape or 

sphere shape nanoparticles, because different reports in the literature using this technique 

produce metal or oxide nanoparticles of different shapes like, cube, sphere, plates, etc [23, 32, 

and 33].  

3.3.3 Magnetic Properties   

     The magnetic properties of the magnetite nanocube were measured at different 

temperatures using a (PPMS-VSM) in an external magnetic field ranging from –30 kOe to 

+30 kOe. Fig. 3-8 shows the first quadrant of the hysteresis curves for the as-synthesized 

(Fig. 3-8a) and annealed samples at 600 °C (Fig. 3-8b) measured by PPMS at different 

temperatures, 5, 50, 100, 200 and 300 K. The saturation magnetization for the as-synthesized 

sample at 300 K is 85.8 emu/g and it increases with decreasing measuring temperature. The 

saturation magnetization, however, at 5 K is 91 emu/g, which is very close to the theoretical 

value of bulk magnetite (~92 emu/g) [34]. This fact indicates formation of the high 

crystallinity structure for the as-synthesized magnetite nanoparticles. It is well known that the 

high crystallinity of the particles leads to formation of magnetite nanocubes with practically 

no surface spin canting of magnetic moments, and thus justifies the obtained high saturation 

magnetization values for the as-synthesized particles in the present study [35].                  
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Fig. 3-8 First quadrant of the hysteresis curve for (a) the as-synthesized magnetite 

nanocube ,and (b) annealed  at 600 ºC  measured by PPMS at different temperatures, 5, 50, 

100, 200 and 300 K. The inset in both (a and b) curve is the saturation magnetization value at 

different measurement temperature. 

      Fig. 3-9 represents the effect of annealing temperature on magnetic properties of 

magnetite nanocube. The magnetization values of the Fe3O4 nanocubes measured at room 

temperature for the annealed samples at 400, 600 and 700 °C were found to be 88.2, 90.2 and 

77 emu/g, respectively. The results indicate that the saturated magnetization value is little 

increased with increasing annealing temperature up to 600 °C, and then sharply decreased at 

700 °C. As shown in Figs. 3-2, the intensity of the highest peak (311) increases only up to 

600 °C annealing temperature.  As it is well known that the magnetization value is very much 

sensitive to the size of the nanoparticles, a little increment in the crystallites size after 

annealing leads to a corresponding increase in the magnetization value, and thus the observed 

increase in magnetization values for the annealed samples up to 600 
o
C is in accordance with 

the above consideration and is also well supported by the measured TEM data. It is clearly 

evident from the TEM images that the size of the magnetite nanocubes increased from nearly 

80 nm in case of as-prepared sample to 85 nm in case of 400 °C annealed sample and to 

nearly 90 nm for the annealed sample of 600 °C. Moreover, the sample which was annealed 

at 600 °C apparently showed the highest degree of crystallinity and it also showed the highest 

magnetization value of 94.8 emu/g at 5 K (Fig. 3-8b). 
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               Fig. 3-9 Magnetization curves for magnetite nanocube annealed at different                   

temperature 400, 600 and 700 °C, and measured at 300 K. Inset is the saturation                 

magnetization value of magnetite nanocube at different annealing temperature. 

 

     On the other hand, the decreased magnetization value at 700 °C annealing temperature 

may be attributed to different factors. Firstly, as evident from the TEM images in Fig. 3-6 and 

the diagram of particle size distribution in Fig. 3-7, the sample annealed at 700 °C has a 

broad size distribution in the range of 40 to 90 nm comparing with the uniform particle size 

of the other annealed samples at 400 °C and 600 °C or even with the as-synthesized sample. 

So, the decreasing particle size of the sample annealed at 700 °C was considered to be in a 

single domain state, as per the previous reports on single domain limit for experimentally 

obtained cubic magnetite particles below 60 nm [36] and theoretically estimated particle sizes 

below 84 nm [37, 38], where in the surface spins experience canting and may also lead to 

formation of a thin magnetic dead layer on the surface [39-42]. Moreover, decreasing particle 

size leads to an increasing surface to volume ratio [43], which in turn causes more surface 

spin disorder [44], and consequently a significant reduction in the magnetization value 

obtained.  
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     The second reason for the decreasing magnetization value in case of sample annealed at 

700 °C may be concerned with the distortion in the shape of the particle at the surface and its 

reduced crystallinity, as it is very clear from the TEM images of Fig. 3-6c comparing with 

high crystallinity and the uniform cubic shapes of the other annealed or as-synthesized 

samples as in Figs. 3-4, 3-5. It is well known that the magnetic anisotropy of the particles is 

dependent on the degree of crystallinity of the nanoparticles and thus a distortion in the shape 

would naturally cause a reduction in the magnetic moment of the particles [45]. And, the 

third reason for the decrease of magnetization could be that of the formation of a small 

maghemite phase of γ-Fe2O3, as revealed in the XRD pattern in Fig. 3-2d, since the 

magnetization of bulk maghemite is 74 emu/g [46].  

     The coercivity value Hc of the as-prepared magnetite nanocubes at different measurement 

temperatures is presented in Fig.3-10 and the inset of the figure shows the variation of 

coercivity as a function of measurement temperature. As expected, the coercivity increases 

from 173 Oe to 450 Oe with decrease in the measurement temperature from room 

temperature (300 K) to 5 K. The reason for such an increase has been reported and may be 

understood from the Kneller’s law [47, 48]. On the other hand, the coercivity values of the 

annealed magnetite nanocubes are found to be slightly increased from 173 Oe for the as-

synthesized magnetite nanocube to 181 Oe for the sample which annealed at 600 °C and then 

slightly decrease to be 178 Oe with further annealing temperature at 700 °C . The increase 

and decrease in the coercivity value may be related to the size of the particle. Furthermore, 

the increase in the coercivity value may be attributed to the increase in the size of the 

magnetite nanocubes with increasing annealing temperature. Moreover, similar results of the 

increasing coercivity value with increase in magnetite nanoparticles sizes [49, 50] as well as 

with increase in annealing temperature [51] have been reported.  
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                      Fig. 3- 10 The magnetization curves for the as-synthesized magnetite nanocube 

measured By PPMS at different temperatures (5, 50, 100, 200 and 300 K). The 

inset of    the figure shows the coercivity value ( Hc) at different measurement 

temperature. 

 

     The magnetic anisotropy of the as-synthesized magnetite nanocube was estimated by 

employing the “Law of Approach” to saturation in the saturation region (beyond 1 T or 

10000 Oe). Generally, the magnetization near the saturation Ms can be expressed as a 

function of the applied magnetic field, H, as  

M= Ms (1- b/H
2
)                                                                                                                      (1) 

        K1= µ0 Ms  √105𝑏/8                                                                                                             (2)                                                                                                                   

Where M is the magnetization, H is the applied magnetic field, Ms is the saturation 

magnetization, µ0 is the permeability of the free space, K1 is the cubic anisotropy constant 

and the numerical coefficient 8/105 applies to cubic anisotropy of random polycrystalline 

samples [52]. Typical fitting curve of LA to saturation along with an inset showing the 

variation of magnetic anisotropy as a function of measurement temperature for the as-

synthesized magnetite nanocube is shown Fig. 3-11. The estimated magnetic anisotropy was 
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found to be in the range from 0.57 ×10
6
 erg/cm

3
 to 0.53  10

6
 erg/cm

3
 for 5 K to 300 K, 

respectively. And thus it is considered as independent of the measurement temperature. This 

behavior of magnetic anisotropy is attributed to the large surface areas and negligible surface 

spin canting of our magnetite nanocubes. 

 

Fig. 3- 11 Fit to the Law of approach to saturation (LA) for the as-synthesized 

magnetite  nanocube. Inset is the relation between the magnetic anisotropy 

constant (K1) at different measurement temperature 5, 50, 100, 200 and 300 K. 

 

3.4 Conclusion  

      Uniform ferromagnetic magnetite nanocubes were synthesized using a cost effective, 

simple sonochemical method in the absence of any surfactant and by using nontoxic metal salt 

as reactant. Transmission electron microscopy (TEM) and scanning electron microscopy 

(SEM) show that the as-synthesized nanoparticles are cubic in shape with medium particle 

size of 80 nm. Annealing the sample at 400 °C and 600 °C resulted in an increment in particle 

size to be in the range of 80-85 and 85-90 nm, respectively with still the uniform cubic shape. 

On the other hand, further increase in annealing temperature to 700 °C leads to a distortion of 
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the cube shape and broad size distribution to be in the range of 40-90 nm. The magnetic 

properties of the synthesized magnetite nanoparticles were measured by means of physical 

property measurement system (PPMS) at different temperatures and the result shows a 

saturation magnetization of 91 emu/g at 5 K for the as-synthesized NPs. However, the 

magnetization was observed to be 94.8 emu/g at 5 K for 600 °C annealed sample. The 

magnetite phase (Fe3O4) was stable up to the annealing temperature of 600 °C, and small 

amount of maghemite phase of γ-Fe2O3 was formed at 700 °C annealing temperature. These 

synthesized nanocubes are expected to use in biofunctionalization due to their high surface to 

volume ratio and hydrophilic properties in addition to their high magnetic moment. 
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CHAPTER- 4 

Functionalization of iron oxide (Fe3O4) nanocubes with silica (SiO2), titania (TiO2), and 

carbon (C) 

This chapter focuses on synthesis of various core/shell of Fe3O4/SiO2, Fe3O4/TiO2, 

and Fe3O4/C nanocubes. I developed two different approaches, sonochemical as well as 

modified sol-gel method for the functionalization of the nanocubes surface. The synthesized 

core/shell nanocubes are studied in details for various applications. The stability, 

biocompatibility and surface binding affinity of the core/shell of Fe3O4/SiO2 nanocubes were 

studied. The Fe3O4/SiO2 nanocubes were immobilized with streptavidin-Cy3 successfully via 

Aminopropyltriethoxysilane (APTES) surface linker. The catalytic activities and recycling 

properties of Fe3O4/TiO2 nanocubes were studied in terms of the degradation process of 

methylene blue as a type of wastewater material.  

4.1 Fe3O4/SiO2 core/shell nanocubes: Novel coating approach with tunable silica 

thickness and enhancement in stability and biocompatibility 

4.1.1 Introduction 

In the last few years, considerable efforts have been devoted to surface 

functionalization of magnetic nanoparticles as such a coating could lead to obtain significant 

properties thereafter. Even though there are many kinds of materials available for coating of 

the magnetic nanoparticles, like metal oxide, noble metals and polymer material, the silica is 

still considered to be the best candidate for surface functionalization because it is highly 

stable against degradation. Furthermore, silica act to improve the biocompatibility, 

hydrophilicity as well as the surface functionality due to the availability of abundant silanol 
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groups (-SiOH) on the surface [1], which makes it as a promising materials for different kinds 

of bio-applications. 

For the time being, the Stober method as well as microemulsion method are the 

prevailing choice for surface coating of magnetic nanoparticles NPs with silica [2, 3]. 

Following these well-known methods, many groups have been succeeded with some 

modification to coat silica on magnetic nanoparticles. However, these methods are 

complicated and require long time for the coating of silica. For example, Hui and co-worker 

have used the Stober method for coating silica to magnetite nanosphere within 24 h [4]. Roca 

et al have used the sol-gel method to coat silica on maghemite nanosphere in the time range 

of 6-48 h [1]. Palani et al, Caruana et al, Zhang et al and Ding et al used microemulsion and 

reverse microemulsion methods for coating iron oxide nanosphere with silica in the time 

range of 16-48 h [5-8]. And, Shiva et al have used the so-called general method for coating of 

silica to the iron oxide nanoparticles within 16 h [9]. Even though these methods provide 

great contribution and benefits in the controlling of silica shell thickness as well as 

nanoparticles dispersion, but they needed much amount of surfactant, long synthesis time and 

consequently involves high costs which of course inhibits their usage in the large scale of 

industrial applications. 

On the other hand, shape of the nanoparticles becomes an important aspect for 

consideration while evaluating their use in bio-applications. Furthermore, the surface to 

volume ratio (S/V) of nanomaterial plays a significant role on the biomolecules 

immobilization for various bio-applications. Particularly, the geometries other than spherical 

are, however, preferred for applications involving magnetic-based bio-sensing devices, where 

a larger contact area can lead to more-robust binding to a sensor platform [10, 11]. Thus, 

nanocubes could be the good candidate comparing with other shapes for the bio-application 
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because of its high surface to volume ratio which can increase the density of biomolecules on 

the surface [12]. Therefore, integration of the cubic structure of magnetic NPs in the form of 

magnetite and thereafter functionalization with silica as a shell would obviously enhance its 

performance and thus becomes a promising material for these applications. The uniform 

coating of silica on magnetite nanocubes with controlled thickness being a challenging task 

for researchers because of the high tendency of nanocubes towards the aggregation and 

problem with retention of cubic shape after silica coating [11]. However, recently Kolhatkar 

et al have reported 55 nm silica coated FeCo nanocubes using Stober method with long 

synthesis times [11]. Even though they succeeded in the coating process of silica onto 

nanocube shape, their data do not provide adequate information about the silica shell 

thickness and also on the mechanism of controlling the shell thickness. Therefore, it is felt 

necessary to develop a time reducing-facile approach for synthesis and controlled surface 

coating onto the cube shaped iron oxide nanoparticles. 

Herein, I first developed a novel and facile approach for the coating process of silica to 

the magnetic nanocubes shape within only two hours’ reaction time and without the need of 

any much amount of surfactant. Furthermore, I could easily control the thickness of silica 

shell by just changing the ratio of Tetraethyl orthosilicate (TEOS) to Fe3O4 nanocube. The 

prepared core/shell nanocubes were characterized and analyzed by different techniques like 

XRD, TEM, EDS, FTIR, and the study of the magnetic properties versus silica thickness was 

done using VSM measurements. Afterwards, I mainly investigated the importance of silica 

coating in terms of stability (either in normal air or severe condition), biocompatibility and 

the affinity for biomolecule conjugation by attaching –NH2 groups and then modified with 

streptavidin (SA).  
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4.1.2 Experimental section 

4.1.2.1 Materials 

     Iron (II) sulfate heptahydrate (FeSO4.7H2O), tetraethyl orthosilicate (TEOS), 

polyvinylpyrolidone (PVP M.W. 40.000), (3-Aminopropyl)triethoxysilane (APTES),1-ethyl-

3-(3-dimethylaminopropyl) carbodiimide (EDC), Hydroxysuccinimide (NHS), Streptavidin-

Cy3 from streptomycesavidin protein, sodium hydroxide (NaOH), ammonia, and ethyl 

alcohol (C2H5OH) (99 %) were purchased from Sigma-Aldrich, Ltd. All chemicals were of 

analytical reagent grade and used as received without any further purification and the 

synthesis process was carried out under an ambient temperature. 

4.1.2.2 Synthesis of hydrophilic iron oxide (Fe3O4) nanocubes 

     The synthesis of iron oxide (Fe3O4) nanocube was done here based on my previous 

reported work of one-pot sonochemical method with small modification [12, 13]. In briefly, 

8.5 mM of FeSO4.7H2O was dissolved in100 mL distilled water, and then the solution was 

transferred to ultrasonication reactor chamber. NaOH was injected in the reaction after 15 

min of starting ultrasonication. The reaction continued up to 75 min and then turns off the 

ultrasonics. The obtained magnetite nanocube was washed for five times in water and ethanol 

while collecting the precipitate using a magnet, and then dried in a vacuum evaporator. 

4.1.2.3 Synthesis of core/shell Fe3O4/SiO2 nanocubes 

     The surface coating of the magnetite nanocube with silica was done using the modified 

sol- gel method. For a typical synthesis, two different bottles namely (a) and (b) were used; in 

the first bottle (a) we mixed 5 gm of PVP (M.W. 40.000) with 55 mL distilled water for 5 

min using magnetic stirrer, and in the second bottle (b) we mixed 100 mg of a hydrophilic 

Fe3O4 nanocubes with 15 mL distilled water for 5 min. After that, we mixed the contents of 
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both the bottles (a and b) using magnetic stirrer for two hour, then separated using a 

permanent magnet. The resulted PVP adsorbed magnetite nanocubes were added to a solution 

containing 100 mL ethanol and 5 mL ammonia, after that we added 1 mL of TEOS dissolved 

in 2 mL ethanol to the above solution while stirring the mixture for 2 hours. Then, the 

solution was washed several times using ethanol and water and collected the precipitate using 

a magnet. It was subsequently dried in a vacuum oven to obtain ultrafine core/shell 

Fe3O4/SiO2 nanocubes. By adjusting the amount of TEOS to Fe3O4, core/shell of Fe3O4/SiO2 

nanocubes with different shell thickness ranging from 5 to 16 nm can be achieved. 

4.1.2.4 Streptavidin-Cy3 loading on APTES modified Fe3O4/SiO2 nanocube 

 

          Fig. 4.1 Schematic representation for the functionalization of the Fe3O4 nanocubes with 

SiO2   and Streptavidin-Cy3. 

 

A solution of APTES in ethanol was prepared at a concentration of 200 μg/mL. 1 mL 

of as prepared APTES solution was added to Fe3O4/SiO2 nanocubes (150 μg). To this 
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solution, 10 μl of 29% ammonium hydroxide was added as a catalyst. The reaction mixture 

was sonicated for 3h. The particles were harvested by applying an external magnetic field and 

removed supernatant solution. APTES modified Fe3O4/SiO2 nanocubes were washed with 

deionized (DI) water and dispersed in 1 mL PBS buffer, pH 7.4. To this, a 3 mg/mL 

streptavidin-Cy3 stock solution in PBS buffer (pH 7.4), NHS and EDC were added and kept 

for 12 hours at 4ºC. After this, Fe3O4/SiO2 nanocubes were isolated by an external magnetic 

field followed by three washes with distilled water. Streptavidin modified Fe3O4/SiO2 

nanocubes were dispersed again in PBS buffer, pH 7.4 and stored at 4ºC. Fig. 4-1 represents 

the scheme of this work which outlines the procedure we used to obtain the final structure of 

Fe3O4/SiO2/APTES/Streptavidin-Cy3 (inset figure shows the fluorescence image of 

Streptavidin-Cy3- Fe3O4/SiO2 nanocubes). 

    4.1.2.5 Characterization 

 The crystal structures of the synthesized core/shell nanocubes were analyzed by XRD 

(Regaku D/max-2500) at a voltage of 40 kV, a current of 300 mA and a scanning rate of 2 

°/min with step size 0.01º. The size and morphology of the nanoparticles were characterized 

using TEM (Tecnai G2 F20 operated at 200 kV). The chemical compositions of nanocubes 

were analyzed by EDS which is coupled with the TEM. The FT-IR Spectroscopic data was 

taken in the spectral range from 4000-400 cm
-1

 to interpret the traces of surface coating of 

silica on the nanoparticles by FT-IR spectroscopy (BrucherOptic GmbH, Germany). 

Fluorescence microscopy was used for confirmation of immobilization of streptavidin on the 

core/shell nanocubes surface. The magnetic properties of the synthesized core/shell 

nanocubes were measured by VSM (Lake Share 7400) with an external magnetic field 

ranging from –15 kOe to +15 kOe. An ultrasonic processor (VibraCell-VCF1500, Sonicsand 

Materials) with a maximum power of 1500W was used for preparation of the nanocubes. The 

sonoreactor was equipped with a titanium horn having 5 cm
2
 of irradiating surface area, and 
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piezoelectric transducer supplied by a 20 kHz generator was immersed below the surface of 

the sonicated liquid. 

4.1.2.6 Cell viability test 

HeLa cells cultivated in Dulbecco’s Modified Eagle Medium (DMEM) including the 

10% fetal bovine serum and 1% penicillin-streptomycin. The cultured cells having 80~90% 

confluency were collected after treating them with 0.25% trypsin-EDTA and centrifuged at 

1000 rpm for 1 min. Approximately, 1.010
4
 HeLa cells were kept in the suspension load on 

cell culture plates and incubated for 12 hr. Then, nanoparticles with different concentration 

(0.01, 0.1 and 1 mg/ml) are loaded on HeLa cells and incubated for different times and up to 

72 hours. The LIVE/DEAD Cell Viability assay kit was used to examine the cytotoxicity of 

nanoparticles. For this purpose, the HeLa cells were treated with 2 μMcalcein AM and 4 μ 

Methidium homodimer-1 for 30 min. The stained cells were monitored by a fluorescence 

microscope (TE-2000, Nikon, Japan) equipped with a high resolution CCD camera 

(Coolsnap, Roper Science, USA). The software ImagePro (Mediacybernetics, MD, USA) was 

used for the fluorescence analysis of each obtained image. 

4.1.3 Results and discussion  

The X-ray diffraction patterns of as-prepared magnetite nanocubes and silica coated 

samples are shown in Fig. 4-2.The Fig. 4-2a represents the peaks of the as-prepared Fe3O4 

nanocubes with the crystal planes of (220), (311), (222), (400), (422), (511), (440), 

respectively. The strong and sharp peaks of Fe3O4 nanocubes indicate the formation of 

magnetite with a cubic inverse spinel structure. Fig. 4-2b-e represents the patterns of 

core/shell Fe3O4/SiO2 nanocubes with silica shell thickness ranging from 5-16 nm. It is seen 

that the core/shell Fe3O4/SiO2 reveals similar diffraction patterns to the Fe3O4 nanocubes 

which indicates that after the coating of silica the core nanocubes perseveres its crystallinity. 
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Fig. 4.2 XRD pattern of (a) As-prepared Fe3O4 nanocubes and (b) Fe3O4/SiO2         

with 1 mL TEOS, (c) Fe3O4/SiO2 with 1.5 mL TEOS, (d) Fe3O4/SiO2 with 2 mL    

TEOS and (e) Fe3O4/SiO2 with 2.5 mL TEOS. 

 

The structural morphology of Fe3O4 and Fe3O4/SiO2 core/shell nanocubes was 

observed through TEM. Fig. 4-3 shows the TEM images of as-prepared nanocubes (Fig.4-3a) 

and core/shell nanocubes (Fig. 4-3b-e) with different shell thickness ranging from 5-16 nm 

with respect to the amount of TEOS used for the coating of silica on Fe3O4 nanocubes. Fig. 4-

3a shows the as-synthesized magnetite sample, where the cubic shape with well crystallinity 

is clearly displayed, and it’s consistent with the sharp peaks observed in XRD. The size of the 

nanocubes before coating is nearly 40 nm with narrow and uniform size distribution. Fig. 4-

3b-e represents the TEM images of the coated silica samples which reveal that, the silica is 

successfully coated on Fe3O4 nanocubes to form core/shell nanostructures which can be 

clearly identified by the two different contrasts observed for Fe3O4 and silica in images. The 

TEM images indicate that by increasing the amount of TEOS (From 1 mL to 2.5 mL), the 

silica shell thickness also increases sharply in the range from 4-16 nm. In ordered to observe 

the detail structure of the Fe3O4/SiO2 core/shell nanocubes, we used high resolution TEM for 
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the sample 2 mL TEOS used for coating process (Fig. 4-3f). Generally, the magnetic 

nanoparticles with high surface free energy tend to aggregate for achieving a stabilized state 

[14]. Furthermore, in the absence of an efficient surface coating, the formation of 

agglomeration and aggregates results from the strong attraction force between the magnetic 

nanoparticles [15]. However, even after coating with silica, still there is some aggregation 

between nanoparticles, which can be seen from TEM images. 

 

Fig. 4.3 TEM  images of (a) As-prepared Fe3O4 nanocubes, (b) Fe3O4/SiO2 with 1 mL TEOS, (c)    

Fe3O4/SiO2 with 1.5 mL TEOS , (d) Fe3O4/SiO2 with 2 mL TEOS  and (e) Fe3O4/SiO2 with 2.5 

mL TEOS, and (f) HRTEM of Fe3O4/SiO2 with 2 mL TEOS. 

 

     The further confirmation of the core/shell nanostructures was observed by EDS analysis. 

The nominal elemental composition of Fe3O4 nanocubes and Fe3O4/SiO2 core/shell 

nanocubes was shown in Fig. 4-4. From the Fig. 4-4, it is clear that the EDS spectrum for 

Fe3O4 contains only iron and oxygen elements whereas the presence of iron, oxygen and 

silicon in core/shell spectrum confirms that the synthesized core/shell nanostructure is 

composed of Fe3O4/SiO2. There are no any other impurity elements present in Fe3O4 

nanocubes and Fe3O4/SiO2 core/shell nanocubes which indicate that the physicochemical 

properties shown by nanocubes are completely an outcome of its own elements. 
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                 Fig. 4-4 (a) TEM image of Fe3O4 nanocube which is to be used for EDS 

measurement, (b)   EDS spectrum of Fe3O4 nanocube, (C) TEM image of 

Fe3O4/SiO2  nanocube  and (d) EDS spectrum of Fe3O4/SiO2 nanocube. 

 

     Further characterization of the synthesized Fe3O4/SiO2 core/shell nanocubes with different 

TEOS content is obtained through the FTIR spectrum which is shown in Fig. 4-5a. The 

absorption peak observed at around 542 cm
-1

 represents the vibration band of Fe-O functional 

group which is a characteristic peak of Fe3O4 was observed for both Fe3O4 nanocubes and 

Fe3O4/SiO2 core/shell nanocubes. Furthermore there is no longer any peak around 632 cm
-1

 is 

observed which the representative peak for Fe2O3 indicating that the samples are purely 

magnetite Fe3O4 [16]. The broad absorption band appeared around 1130 cm
-1 

in Fe3O4/SiO2 

core/shell nanocubes is related to the asymmetric vibration of Si-O-Si bond. In addition, the 

absorption peak at around 900 cm
-1

 represents Si-OH bond. As expected the intensity of these 

peaks increases with added volume of TEOS for various samples due to the increase in silica 

shell thickness. The broad peak at around 3500-3000 cm
-1

 attributed to the stretching bend of 
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–OH functional group of chemisorbed water which is significantly increased with increasing 

the TEOS content due to the presence of silica. Consequently suggests another confirmation 

of the presence of silica on the magnetite nanocubes. 

 

  Fig. 4-5 (a) FTIR analysis data for (1) As-prepared Fe3O4 nanocubes and (2) Fe3O4/SiO2  with 

1  mL  TEOS, (3) Fe3O4/SiO2 with 1.5 mL TEOS , (4) Fe3O4/SiO2 with 2 mL TEOS and (5) 

Fe3O4/SiO2 with 2.5 mL TEOS, and (b) The relation between magnetization values (Ms), 

TEOS amount and silica thickness. 

 

     The coating approach I used in my study is based on the well–established sol-gel method 

of Graf et al [17]. However in their study, they coated the noble metal with silica and not 

magnetic materials. Hence the coating process involves mainly two reaction of nucleation 

(hydrolysis) and growth (condensation), and the silica tends to predominantly coat onto the 

magnetic nanoparticles as the growth rate is much higher than nucleation rate [4], one must 

be very careful of reaction parameters optimization. Based on the reported method, it was 

found that lower temperature, lower pH value, lower TEOS concentration, and less H2O are 

predominant in facilitating the condensation process and consequently the coating process 

[18-20]. However, in our study, we found that, synthesis of 40 nm hydrophilic Fe3O4 

nanocubes and functionalization with PVP are important step for easy coating with silica. 

Since the PVP is an amphiphilic polymer that is soluble in water and many non-aqueous 
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solvents [21-22], and this behavior arises from the presence of a highly polar amide group 

within the pyrolidone ring and polar methylene and methine groups in the ring and along its 

backbone [23]. Furthermore, and to be exact, we found that mixing of 4 g PVP in 55 mL dis 

water to 100 mg of a hydrophilic Fe3O4 nanocube in 15 mL dis water to 100 mL ethanol in 5 

mL ammonia is resulting in a better performance. Interestingly, the time of the total coating 

process is only two hours with respecting to the reported work which takes more than 20 

hours as clearly indicated from the comparison with some other groups work in Table. 4-1. 

The thickness of silica coated on magnetite nanocubes can be tuned in the range from 4 to 18 

nm as evident from the TEM images in Fig. 4-3b-f. A part from Fig. 4-5b shows the relation 

between the TEOS amount used versus the silica shell thickness obtained at constant 

experimental parameters with two hours of reaction time. On the other hand, increasing the 

time of reaction for more than two hours resulted in formation of separated silica 

nanospheres, as clearly appeared from the TEM images in Fig. 4-6 (a, b). Further, the 

intensity of the silicon (Si) peak was increased sharply as observed from the EDS analysis 

(Fig. 4-6c). I also studied the influence of Fe3O4 nanocubes concentration on the coating 

process and found that the concentration of the Fe3O4 does not affect the thickness of the 

silica shell, and this result was in agreement with the earlier report [4].  

 

Fig. 4-6 TEM images (a and b), and EDS analysis (c) of Fe3O4/SiO2 nanocubes in case of 

increasing the  coating time more than two hours. 
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Table 4-1 A comparison between our developed approach for silica coating and other various reported 

methods. 

 

     The magnetic hysteresis loops of the prepared Fe3O4/SiO2 core/shell nanocubes samples 

were measured at room temperature using VSM in an external magnetic field ranging from –

15 kOe to + 15 kOe, and compared with the uncoated magnetite nanocube as shown in Fig 4-

7. The saturation magnetization value, extracted from the corresponding hysteresis loop, for 

the uncoated magnetite sample at 300 K is 80 emu/g, and it decreased for the coated samples 

as expected to be 50.7, 46.1, 43.8, and 42 emu/g, respectively with increasing the thickness of 

silica shell. The decrement in magnetization value after coating with silica in all the samples 

may be attributed to the incorporation of non-magnetic silica shell around the core magnetite 

nanocubes. Another possible mechanism that could be proposed here for the reduction in the 

magnetization value after coating is the presence of chemical bonds such as (Fe-O-Si), as a 

consequence of surface functionalization with SiO2. Because of the silica coating, the Fe ions 

particularly at the surface tend to bonding with silica as Fe-O-Si, and as a result the magnetic 

moment of the Fe ions would get disappeared [24]. Similar results of decrement in magnetic 

moment value after functionalization with silica have been reported [25, 26]. Fig. 4-5b partly 

shows the relation between the saturation magnetization values verses different silica shell 

thickness based on the amount of TEOS used in the coating process. 
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     Noteworthy, it may be noted that the cubic shape of the nanoparticles seem to have 

affected the value of magnetization compared to that of the spherical shape. Since, in most of 

the reported paper concerned with the silica coated magnetic nanospheres, there was a 

remarkable reduction in the magnetic moment after coating with silica which may be ascribed 

to their corresponding geometries. Interestingly, the relatively high magnetization value of 

50.7 emu/g (for the sample with 4 nm silica thickness) which reported in our work as a 

consequence of controlling in the silica shell sickness is favorable for many applications, 

especially the targeted drug delivery application which need magnetic nanoparticles with 

high magnetic moment for easy manipulation. On the other hand, and as it’s expected based 

on the reported studies [27, 26], the coercivity (Hc) values are little decreased in the range 

from 203 Oe for the bare magnetite nanocube to 190 Oe with increasing in the thickness of 

the coated silica samples.  

 

                         Fig. 4-7 The magnetization curves for both Fe3O4 nanocube and Fe3O4/SiO2 

nanocube with different TEOS amount (1, 1.5, 2, and 2.5 mL) measured by 

VSM at 300 K. 

The reason for such decreasing of coercivity value after coating with silica may be because 

lower specific absorption rate (SAR) for the silica coated samples compared with the pure 
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magnetite nanoparticles [28]  and this decrease in SAR ascribed to surface spin effects [26]. 

Moreover, the silica shell encapsulating the magnetite particles screens and decreases the 

magnetic dipole coupling interactions between neighboring magnetic nanoparticles, and 

thereby reducing the coercivity value from hysteresis loops measurements [29,30].  

     Since the stability of the core/shell nanostructure is considered to be very important issue 

for practical applications. Thus, the stability of the prepared Fe3O4/SiO2 core/shell nanocube 

was investigated and analyzed the changes in terms of their magnetic measurements. Fig 4-8a 

shows the magnetization curves for the as-prepared Fe3O4 and the Fe3O4/SiO2 core/shell 

nanocubes after exposure of both the samples to normal air for 4 month. From the figure, it is 

clearly apparent that there is a marginal change in the magnetization value of the Fe3O4 by 

recording a decrease of its value from 80 emu/g to 72 emu/g; however, the silica coated 

sample does not experience any change in its magnetization value even after such an 

exposure. Further, the confirmation about the stability of the core/shell nanocubes against 

severe condition was tested by annealing the coated samples in the presence of hydrogen gas 

as a strong reducing agent at different temperature. Fig 4-8b shows the hysteresis curves of 

the coated nanocubes samples at 200, 300, and 400 °C. From the figure, it is clearly shown 

that the sample is completely stable at 200 and 300 °C, where as a further increase in the 

annealing temperature up to 400 °C resulted in little increment in the magnetization value 

from that of 50 emu/g to 56 emu/g, which could be ascribed to increased structural order, 

increase in particle size and also to a minor degree of cracks in the silica layer. 
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Fig. 4-8 The magnetization curves for both Fe3O4 nanocube and Fe3O4/SiO2 nanocube with 

different TEOS    amount (1, 1.5, 2, and 2.5 mL) measured by VSM at 300 K in case of (a) 

after 4 month of exposure to air and (b) after annealed the sample at different temperatures 

in presence of H2 gas. 

     The streptavidin (SA) is one of the most common globular protein used in imaging, 

sensing, drug delivery, and surface modification of nanoparticles which used in combination 

of nanoparticles very often [31], therefore, in my study I used streptavidin for the surface 

functionalization of core/shell nanocubes to confirm the capability of our nanocubes for 

binding the biomolecules. After preparing the Fe3O4/SiO2 core/shell nanocubes, I 

functionalize the surface with APTES as illustrated in the schematic diagram (Fig. 4-1) for 

the conjugation of the streptavidin. Fig. 4-9a and Fig. 4-9b shows the bright field and 

fluorescence images of the Fe3O4/SiO2/APTES/streptavidin complex, respectively. The 

Fe3O4/SiO2/APTES/streptavidin complex shows good fluorescence intensity. From the 

fluorescence image it is clear that the Fe3O4/SiO2 core/shell nanocubes are successfully 

functionalized with streptavidin-Cy3 protein. The mechanism of binding of streptavidin-Cy3 

to the nanocubes could be explained by following way, the oxygen from SiO2 layer is easily 

bonded to APTES to form terminal amine groups on the nanocubes surfaces and this amine 

group is conjugated by the carboxylic group presented in the streptavidin-Cy3 protein via 

covalent amide bond. 
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       Fig. 4-9 The electron microscopy images of the Fe3O4/SiO2/ APTES/SA samples with 

Bright field image and (b) Fluorescence image. 

 

     On the other hand, since the biocompatibility is one of the important issues from the 

viewpoint of practical bio-application, our study also focused on studying the effect of 

concentration of the prepared Fe3O4/SiO2 nanocubes on the growth of HeLa cells. In order to 

study the effect of core/shell nanocubes on the viability of HeLa cells, the cells were 

incubated with different concentrations (0.01, 0.1 and 1 mg/mL) of the Fe3O4 as well as 

Fe3O4/SiO2 core/shell nanocubes samples at different times of 1-3 days and compared with 

the control (Fig. 4-10). The cell survival rate increased with the culture days increased and 

concentration. Thus, we consider that our core/shell nanocubes exhibited good 

biocompatibility to the HeLa cells up to the dose of 1mg/mL concentration.  
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                       Fig. 4-10 The biocompatibility test for the Fe3O4 and Fe3O4/SiO2  anocubes 

and    the control. 

 

 

4.1.4 Conclusion 

 

In summary, I demonstrated a facile and novel approach for the synthesis of 

Fe3O4/SiO2 core/shell nanocubes in which magnetite nanocubes can be functionalized with 

uniform silica shell. Furthermore, I could easily control the silica thickness in the range from 

5 to 16 nm with just changing the amount of the TEOS from 1 to 2.5 mL. The synthesized 

core/shell nanocubes showed excellent magnetization value, bio-compatibility as well as the 

bio-molecule binding affinity. I expect that the high magnetization value of 50.7 emu/g and 

good stability, biocompatibility as well as affinity for binding biomolecule of our core-shell 

nanocubes could make them as promising materials for various bio-sensing applications. 
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4.2 A novel one-pot approach for synthesis of iron oxide/silica and iron oxide/carbon 

core/shell nanocubes 

 

4.2.1 Introduction  

     In recent years, a large body of studies have been conducted on the functionalization of 

magnetic nanoparticles (MNPs) using different organic and inorganic shell materials because 

coating leads to the enhancement of the chemical and physical properties of the particles for 

their use in various applications. Among various materials used as shells, silica and carbon 

were proven to be potential candidates based on their unique properties of stability, 

biocompatibility, hydrophilicity and surface affinity for the binding of various types of bio-

molecules. Moreover, silica-coated MNPs showed excellent catalytic activity [32] and have 

been extensively used in wastewater treatment applications [33]. Similarly, carbon acts to 

improve the stability of the MNPs under acidic environments, where carbon is chemically 

more stable than polymeric or organosilicones [34]. Thus, the carbon-coated MNPs were 

successfully used in bio-applications, such as hyperthermia and magnetic resonance imaging 

[35, 36]. Moreover, the high adsorption capacity and large surface area of the carbon-coated 

MNPs improve the extraction of polycyclic aromatic hydrocarbons in wastewater treatment 

applications [37]. The carbon-based materials have also been specifically used in energy 

devices to improve the electrical, electrochemical and electrocatalytic properties of the 

electrode materials [38]. 

     Considering the potential of the core/shell structures of MNPs/SiO2 and MNPs/C for the 

various promising applications mentioned above, many groups have focused their efforts on 

synthesizing these materials. Currently, the microemulsion method and the alkaline 

hydrolysis of tetraethyl orthosilicate (known as the Stober method) are the major approaches 

being used for coating silica on magnetic nanoparticles [2, 3, and 4]. Although these methods 
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provide some great benefits in producing a uniform silica shell with controlled thickness, 

their synthesis procedures are complicated and require long times, in the range of 6-48 h [39].  

     Alternatively, the hydrothermal method was reported for the preparation of MNPs/C 

     core/shell nanostructures, where the first step in the preparation is the formation of 

magnetic nanoparticles, followed by a hydrothermal treatment for the coating of carbon. 

Following this method, several groups have succeeded in coating the MNPs with carbon [35, 

36, 37, and 40]. Despite all of the above reported approaches for the production of the 

core/shell structures of MNPs/SiO2 and MNPs/C, the preparation of uniform core/shell 

nanoparticles in a single reaction within a short time is still a challenging task and the subject 

of much interest. Therefore, the development of a new strategy using a facile, in expensive, 

and reliable one-pot method to synthesize such core/shell nanostructures is in high demand 

from an industrial applications point of view. 

     Sonochemistry originates from the extreme transient conditions induced by ultrasound, 

which produces unique hot spots that can achieve temperatures above 5000 K, pressures 

exceeding 1000 atm, and heating and cooling rates above 10 Ks
-1

 [ 41, 42, and 53]. These 

types of extraordinary reaction conditions have been successfully applied for the fabrication 

of various composites with distinct core–shell structures. Morel et al., Dang et al. and Liu et 

al. have succeeded in coating magnetite nanoparticles with silica using the sonochemical 

technique [24, 44, and 45]. Enterzari et al. have succeeded in coating cadmium sulfide and 

titanium dioxide with the same method [46]. Additionally, recently, Bashiro and Azlan have 

succeeded in incorporating iron oxide into silica nanoparticles using a non-seeded synthesis 

method via ultrasound [47]. However, in all of these reported sonochemical methods, two 

steps were used for the synthesis of the core/shell nanostructures, where the first step 

involves the synthesis of the core materials and the second step involves the coating of the 
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shell materials. Nevertheless, core/shell Ni/Pt nanoparticles were successfully synthesized 

very recently in a one-step sonochemical method developed by Lee et al. [48].  

     Herein, I developed the first rapid one-pot sonochemical method for the synthesis of two 

different core/shell, Fe3O4/SiO2 and Fe3O4/C, nanocubes. I have also studied the synthesis of 

the same nanocomposite materials without ultrasound and compared the obtained results in 

terms of structure and morphology. The crystalline structure, morphology, size and shape of 

the produced core/shell nanocubes and nanocomposites were examined using X-ray 

diffractometry (XRD), transmission electron microscopy (TEM), energy dispersive 

spectrometry (EDS), Fourier transform infrared spectroscopy (FTIR), and X-ray 

photoelectron spectroscopy (XPS). The magnetic properties were measured by a vibrating 

sample magnetometer (VSM) at room temperature. 

4.2.2 Experimental section 

4.2.2.1 Materials 

Iron (II) chloride tetrahydrate (FeCl2.4H2O), tetraethyl orthosilicate (TEOS), 

polyvinylpyrolidone (PVP), D-glucose, sodium hydroxide (NaOH), and ethyl alcohol 

(C2H5OH) (99 %) were purchased from Sigma Aldrich, Ltd. All of the chemicals were of 

analytical reagent grade and used as received without any further purification. The synthesis 

process was carried out under ambient temperature. 

4.2.2.2 Synthesis of Fe3O4/SiO2 core/shell nanocubes using a sonochemical  

     Twelve mM of iron (II) chloride tetrahydrate (FeCl2.4H2O) was dissolved in a suitable 

amount of dis. H2O, and the solution was inserted into the ultrasonication. Subsequently, 3 M 

NaOH was injected in the reaction vessel after 10 min of reaction time. Nearly 25 min after 

starting the sonication, the solution color completely turned from greenish to black, which 

could be considered evidence of the formation of the magnetite (Fe3O4) phase. Thereafter, 

three different concentrations of (2 mL, 4 mL, and 6 mL) tetraethyl orthosilicate (TEOS) 
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were injected into the solution separately to form three different samples. Then, the reaction 

was continued for 80 min before turning off the sonicator. An ultrasonic processor with a 

maximum power of 1500 W and frequency of 20 kHz was used in this experiment.  

     The sonoreactor, equipped with a titanium horn with a 5 cm
2
 irradiating surface area, was 

immersed below the surface of the sonicated liquid. Finally, the obtained core/shell iron 

oxide/silica nanocubes were washed five times in water and ethanol while collecting the 

precipitate using a magnet. The nanocubes were then dried in a vacuum evaporator for 6 h. I 

followed the same procedure mentioned above, except the step of TEOS injection, for the 

preparation of uncoated iron oxide nanocubes to compare them with the silica-coated and 

carbon-coated samples. 

4.2.2.3 Synthesis of Fe3O4/C core/shell nanocubes using a sonochemical  

     A mixed aqueous solution (1:1) of 12 mM iron (II) chloride tetrahydrate (FeCl2.4H2O) and 

polyvinyl pyrolidone (1 gm) was transferred to ultrasonication. 3 M NaOH was injected into 

the reaction vessel 10 min after the ultrasonication was initiated. The ultrasonication 

continued for a few more minutes until the mixture turned black. Then, a prepared aqueous 

solution of 1 gm of D-glucose was injected into the reaction. The reaction was continued for 

80 min. Finally, the obtained iron oxide/carbon core/shell nanocubes were washed five times 

in water and ethanol while collecting the precipitate using a magnet. The product was then 

dried in a vacuum evaporator for 6 h. 

4.2.2.4 Synthesis of Fe3O4/SiO2 nanocomposites without ultrasound  

     The synthesis of Fe3O4/SiO2 nancomposites without ultrasound was also carried out based 

on my previous work [27, 49] by making minimal modifications, including the use of water 

as a solvent instead of PEG to decrease the reaction temperature. Typically, 12 mM of 

FeCl2.4H2O was dissolved in a suitable amount of dis. H2O using a magnetic stirrer in a 250 

mL three–neck round bottomed flask equipped with a condenser, magnetic stirrer, 
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thermometer and heating mantle system. The pH of the solution was adjusted using NaOH, 

and the solution temperature was increased to 150 °C and maintained there for 30 min.  

     At this stage, different amounts of tetraethyl orthosilicate (TEOS) were injected into the 

solution. Then, the aqueous-metal salt solution was gradually heated to 200 °C while stirring 

continuously using a magnetic stirrer and refluxed at this temperature for 2 hours. On 

completion of the soaking period, the heating system was switched off and the solution was 

allowed to cool naturally to room temperature. Then, the precipitate was collected using a 

magnet and washed several times using ethanol and water. The precipitate was subsequently 

dried in a vacuum oven to obtain ultrafine iron oxide/silica nanocomposites. We followed the 

same procedure once again, excluding the step of TEOS injection, for the preparation of 

uncoated iron oxide nanocubes to compare them with the silica-coated and carbon-coated 

samples. 

4.2.2.5 Synthesis of Fe3O4/C nanocomposites without ultrasound  

     Synthesis of iron oxide/carbon nanocomposites without ultrasound was similar to the 

procedure described previously for the synthesis of iron oxide/silica nanocomposites without 

ultrasound. However, for iron oxide/carbon nanocomposites, I used D-glucose as the source 

material for carbon coating.   

4.2.2.6 Characterization  

     The crystal structures of the synthesized core/shell nanocubes and nanocomposites were 

analyzed by XRD (Regaku D/max-2500 at a voltage of 40 kV, a current of 300 mA and a 

scanning rate of 2 °/min with step size of 0.01º). The size and morphology of the core/shell 

nanocubes and nanocomposites were characterized using TEM (Tecnai G2 F20 operated at 

300 kV). The chemical composition was analyzed by the EDS embedded in the TEM 

equipment. The FTIR (Brucher Optic GmbH, Germany) spectroscopic data were taken in the 

spectral range from 4000-400 cm
-1

 to interpret the traces of the silica surface coating on the 
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core/shell nanocubes. The XPS characterization was performed using an X-ray photoelectron 

spectrometer (Multilab 2000, Thermo scientific) equipped with an alpha 110 hemispherical 

electron energy analyzer and an Al Kα X-ray twin anode source (hυ, 1486 eV; power, 200 W; 

energy range, 0-15 kV). The XPS survey was performed from the binding energy of 0 to 

1100 eV. The magnetic properties of the synthesized iron oxide/silica and iron oxide/carbon 

nanocubes and nancomposites were measured with a vibrating sample magnetometer (VSM, 

Lake Share 7400) with an external magnetic field ranging from –13 kOe to +13 kOe.  

4.2.3. Results and discussion  

The synthesis of Fe3O4/SiO2 core/shell nanocubes was carried out using a single 

sonochemical reaction. Fig. 4-11 shows a schematic overview of the synthesis method of the 

core/shell nanocubes. 

 

     Fig. 4-11 A Schematic representation of the proposed sonochemical mechanism for  the 

synthesis  of Fe3O4/SiO2 nanocubes in a single reaction. 
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     Fig. 4-12 (a) shows a typical TEM image of the as-synthesized Fe3O4 nanocubes, from 

which it can be observed that the nanocubes are apparently cubic in shape with a uniform size 

and a good dispersion. From the image, the average size of the nanocubes was estimated to be 

55 nm. High magnification TEM images of the Fe3O4 nanocubes are shown in Fig. 4-12 (b) 

for a more clear visualization of the morphology. From the TEM images, it can be inferred 

that the nanocubes (NC) have a highly crystalline structure. 

 

               Fig. 4-12 TEM images of as-prepared Fe3O4 nanocubes; (a) low magnification and 

(b) high  magnification. 

     For the functionalization of the Fe3O4 NCs surface with SiO2, I injected different amounts 

of a TEOS solution (2 mL to 6 mL) as a silica source after 25 minutes of ultrasonic reaction. 

Once I injected the aqueous iron solution with TEOS, an amorphous shell of SiO2 

nanoparticles was formed as a consequence of TEOS decomposition. Subsequently, the 

ultrasonic irradiation drives the formed SiO2 toward the surface of the Fe3O4 nanocubes as 

depicted in the schematic in Fig. 4-11. Fig. 4-13 shows the TEM images of the Fe3O4/SiO2 

nanocubes when only 2 mL TEOS is used. The amorphous silica layer around magnetite NCs 

is clearly displayed. Increasing the amount of injected TEOS to 4 mL resulted in an increase 

of the silica shell thickness around the magnetite NCs, as shown in Fig. 4-14 (a & b). A 

magnified image of Fig. 4-14 (a) is shown in Fig. 4-14c. Further increase in the amount of 
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TEOS to 6 mL in the reaction jar produced a completely uniform shell of silica around the 

Fe3O4 nanocubes to form Fe3O4/SiO2 core/shell nanocubes, shown clearly in Fig. 4-15 (a). 

Fig. 4-15 (b) & (c) show high magnification TEM images of the Fe3O4/SiO2 core/shell 

nanocubes. The images clearly reveal that the nanocubes have core/shell structures, in which 

silica shells are shown in light contrast and cores of Fe3O4 nanocubes are shown in dark 

contrast. The images verify that our present method is successful in coating silica on Fe3O4 

nanocubes. 

 

Fig. 4-13 TEM images of Fe3O4/SiO2 nanocubes with 2 mL TEOS; (a) low magnification and 

(b, c) high magnification. 

 

 

Fig. 4-14 TEM images of Fe3O4/SiO2 nanocubes with 4 mL TEOS; (a) low magnification and 

(b, c) high magnification. 
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Fig. 4-15 TEM images of Fe3O4/SiO2 nanocubes with 6 mL TEOS; (a) low magnification and (b, 

c) high magnification. 

 

     It is thought that the deposition of silica on the surface of the magnetite particles could 

occur via the following route. The addition of TEOS to the reaction mixture causes the 

acceleration of the rate of hydrolysis due to the temperature sensitivity of the hydrolysis-

condensation process of TEOS [50]. Furthermore, the transient high temperature produced by 

the cavitation process also leads to a strong local acceleration of the hydrolysis-condensation 

process [45]. Subsequently, the silica forms chemically and connects with magnetite 

nanoparticles through oxygen. Moreover, the shock waves, microjets and turbulent flows 

caused by microbubble collapses can drive nanoparticles together at velocities of hundreds of 

meters per second, pushing the formed silica sol toward the magnetite surfaces at very high 

speeds and leading to the formation of Fe3O4/SiO2 core-shell nanocubes [46, 51, and 52]. 

However, based on the assumption reported by Suslick et al. [53], at an ultrasonic field of 20 

kHz, solid particles with a size less than the diameter of the collapsing bubble (~150 µm) 

cannot cause microjet formation and instead normal cavitation and emission of shock waves 

will occur [47, 54, and 55].  

     Additionally, I succeeded in coating Fe3O4 NCs with carbon using the present 

sonochemical method to form core/shell Fe3O4/C nanocubes. Fig.4-16 (a) shows TEM image 

of the core/shell Fe3O4/C nanocubes. For successful coating of carbon on the surfaces of 
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Fe3O4 nanocubes, I used PVA as a surface linker, whose characteristics as an amphiphilic 

polymer can be soluble in both aqueous and many nonaqueous solvents [40, 44]. Fig. 4-16 (b) 

and (c) show the high resolution TEM images of core/shell Fe3O4/C nanocubes. It is clear 

from the images that the carbon is successfully coated on the surface of Fe3O4 nanocubes. 

Similar to the Fe3O4/SiO2 core/shell nanocubes, the Fe3O4/C nanocubes are also well 

dispersed. However, there is a noticeable decrease in the size of the Fe3O4 nanocubes and a 

small amount of deterioration in the cubic shape, which may be ascribed to the strong 

reducing properties of the PVA used in the experiment.  

 

Fig. 4-16 TEM images of Fe3O4/C nanocubes (a) low magnification and (b, c) high 

magnification. 

 

     The EDS elemental map images of Fe3O4/SiO2 core/shell nanocubes, indicating the spatial 

distribution of oxygen, iron and silicon, are shown in Fig. 4-17. Fig. 4-17 (a) shows the TEM 

image of a nanocube used for EDS mapping. Fig. 4-17 (b)-(d) display the elemental maps of 

(Fe and Si), (Fe and O) and (Fe, O and Si), respectively. The results show the expected 

distribution of all of the elements present in the samples. From image (d), we can see the 

clear core/shell structure of Fe3O4/SiO2 nanocubes with O and Fe at the core and O and Si at 

the shell. Fig. 4-17e illustrates the elemental composition of Fe3O4, Fe3O4/SiO2 and Fe3O4/C 

nanocubes measured by EDS during TEM operation. From Fig. 4-17e, it is clear that the EDS 

spectrum of Fe3O4 nanocubes contains iron and oxygen (curve 1), the spectrum of the 

core/shell Fe3O4/C nanocubes shows iron, oxygen and carbon (curve 2) and the spectrum of 
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core/shell Fe3O4/SiO2 indicates iron, oxygen and silicon (curve 3). However, the presence of 

carbon was also observed in the EDS spectra of Fe3O4 and core/shell Fe3O4/SiO2 nanocubes 

due to the carbon grid used for the EDS measurement. In addition, the silica content for the 

core/shell Fe3O4/SiO2 increased with the increase of the TEOS amount from 2 mL to 6 mL 

(curve 3 to 5). 

 

Fig. 4-17 (a-d)EDS mapping analysis of Fe3O4/SiO2 nanocubes with Fe, O, and Si elements, 

and (e) EDS patterns of nanocubes: (1) Fe3O4, (2) Fe3O4/C, and (3, 4, 5) Fe3O4/SiO2 with 

different TEOS amounts (2, 4 and 6 mL). 

 

     Further experimental evidence in support of the formation of a silica shell layer on the 

particle surface is obtained through the FTIR spectrum, as shown in Fig. 4-18a. First, in all of 

the samples, the spectrum clearly depicts the major characteristic absorption bands of Fe3O4 

at approximately 542 and 400 cm
−1

 due to the FeA–O and FeB–O stretching vibrations, 

respectively. These two peaks could be assigned to the tetrahedral and octahedral Fe-O 

covalent structural bond environment of the Fe3O4 nanoparticles [49]. The broad absorption 

band at approximately 1130 cm
-1 

in Fe3O4/SiO2 core/shell nanocubes (curve B) is related to 

the asymmetric vibration of the Si-O-Si bonds. This peak shows a small increment with the 
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increase of silica content in the source material (curve B-D) due to the increase in the silica 

shell thickness.  

 
Fig. 4-18 (a) FTIR analysis data for (A) Fe3O4 and (B, C, and D) Fe3O4/SiO2 nanocubes with 

different TEOS amounts (2, 4 and 6 mL), (b) XRD patterns of (1) as-prepared Fe3O4 

nanocubes and (2-4) Fe3O4/SiO2 nanocubes with different amounts of TEOS 2, 4, and 6 mL, 

(c) XRD patterns of (1) as-prepared Fe3O4 and (2) Fe3O4/C nanocubes. 

 

     Fig. 4-18b shows the X-ray diffraction patterns for the as–synthesized Fe3O4 and 

Fe3O4/SiO2 nanocubes samples. From the figures, we can see that the peaks of the as-

prepared Fe3O4 nanocubes exhibit the following crystal planes: (220), (311), (222), (400), 

(422), (511), and (440). The observed crystal planes indicate the formation of magnetite with 

a cubic inverse spinel structure (Fig. 4-18b1). Fig. 4-18b (2-4) shows the patterns of 

core/shell Fe3O4/SiO2 nanocubes with different TEOS amounts. The core/shell Fe3O4/SiO2 

nanocubes have patterns that are similar to those of pristine Fe3O4 nanocubes, indicating the 

preservation of its crystallinity even after coating with silica. The small decrement in the peak 

intensities may be attributed to the increment of the silica shell thickness caused by the 

increasing amount of TEOS. Additionally, the X-ray diffraction pattern from the sample with 

carbon coating was compared with that of the original Fe3O4 nanocubes (Fig. 4-18c). From 

the figure, it can be observed that the core/shell Fe3O4/C also has a pattern that is similar to 

that of Fe3O4 but with reduced peak intensities. The decreased intensity may be due to the 

thick shell of the carbon coating, which is observed in the TEM images. Meanwhile, there are 
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additional observed peaks (◊), which can be attributed to amorphous carbon and graphite 

(JCPDSNo. 46-0943, 50-0927) [56]. 

 

                  Fig. 4-19 The M-H hysteresis loops measured by VSM at 300 K for Fe3O4  

nanocubes, Fe3O4/SiO2 nanocubes with different TEOS amounts (2, 4 and 6 mL), 

and Fe3O4/C nanocubes. 

          Fig. 4-19 shows the hysteresis loops for the cases of uncoated Fe3O4, Fe3O4/SiO2 with 

different TEOS amounts and Fe3O4/C. From the figure, the saturation magnetization for the 

Fe3O4 nanocubes sample is 86 emu/g at 300 K. The value decreased to 71.38, 66.3 and 59 

emu/g for the silica-coated core/shell Fe3O4/SiO2 nanocubes coated with 2, 4 and 6 mL of 

TEOS as a silica source, respectively. The decrease in the magnetization value after coating 

with silica may be ascribed to the presence of the non-magnetic amorphous shell of silica 

around the Fe3O4 core, as we observed from the TEM images. The increased thickness in the 

silica shell obviously causes further decrease of the corresponding magnetization value.  

     Moreover, another mechanism that could be responsible for such lowering in the 

magnetization value in these samples is the disappearance of the magnetic moment of the Fe 

ions due to the formation of chemical bonds, such as (Fe-O-Si), between the silica and the 
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iron oxide [24]. On the other hand, the magnetization value of the carbon-coated magnetite 

(Fe3O4/C) nanocubes was dramatically decreased to 33.97 emu/g. This large decrease may be 

attributed to the formation of a thick layer of carbon shell around the magnetite, which is in 

contrast with the thin layers of silica shells. Hence, the observed decrease in the values of 

magnetization for both silica-and carbon-coated samples could be considered to be indirect 

evidence for the successful coating of silica and carbon on the surface of the magnetite 

nanocubes.  

 

               Fig. 4-20 TEM images of the samples synthesized without ultrasound (a, b) as                

prepared   Fe3O4, (c, d, e) Fe3O4/SiO2 and (f) Fe3O4/C nanocomposites. 

 

     A noteworthy observation is that when I synthesized the same materials using the same 

chemical precursors and procedures in the absence of ultrasound, I obtained completely 

different morphologies and crystalline structures. Fig. 4-20 shows typical TEM images of 

Fe3O4, Fe3O4/SiO2, and Fe3O4/C nanoparticles. The Fe3O4 nanoparticles synthesized without 

ultrasound show mixed shapes, such as rod-like, hexagonal and irregular shapes (Fig. 4-20 a 

and b). Fig. 4-20 c and d show the TEM images of the Fe3O4/SiO2 nanocomposite with 

different TEOS amounts added in the reaction solution. From the figure, it is clear that the 
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rod-like shapes of Fe3O4 are coated with an amorphous silica shell but without showing 

uniform core/shell structures. Moreover, increasing amounts of the injected TEOS 

exacerbated the aggregation of the particles, as observed in Fig. 4-20e. Fig. 4-20f shows a 

typical TEM image of the Fe3O4/C nanocomposite, which nearly displayed the same 

morphology as in the case of silica-coated samples.  

 

Fig. 4-21 XRD patterns of the samples synthesized without ultrasound (a) as-prepared Fe3O4 

and (b-d) Fe3O4/SiO2 nanocomposites with different amounts of TEOS 2, 4, and 6 mL. 

 

     Fig. 4-21 shows the X-ray diffraction patterns of all of the samples synthesized without 

ultrasound. All of the patterns demonstrate structures of low crystallinity. Although the 

samples showed the same crystal planes of the cubic inverse spinel structure, the dramatic 

decrement in the peak intensities clearly reflects the positive effect of the ultrasound in the 

synthesis of nanoparticles. Fig. 4-22 shows the EDS elemental map images of the Fe3O4/SiO2 

nanocomposite samples synthesized without ultrasound. The mapping analysis indicates the 

presence of mainly three elements, Oxygen, Iron and Si, in the vicinity of the nanocomposite 

but without uniform elemental distribution compared with the sample synthesized in the 

presence of ultrasound. The magnetization and coercivity of the samples synthesized without 
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ultrasound also showed lower values. The large decrease in the magnetization value may be 

ascribed to the low crystallinity of the samples, whereas the low coercivity value may suggest 

a superparamagnetic behavior of the samples. All of the above analyses demonstrate that the 

developed sonochemical approach is a promising method for the successful synthesis of 

Fe3O4/SiO2 and Fe3O4/C nanocubes in practical applications.  

 

          Fig. 4-22 EDS mapping analysis of Fe3O4/SiO2 nanocomposites synthesized without          

ultrasound   with Fe, O, and Si elements. 

 

4.2.4 Conclusion  

     In summary, I demonstrated a novel one-pot sonochemical approach for the synthesis of 

core/shell Fe3O4/SiO2 and Fe3O4/C nanostructures in a short time without any complex 

procedure. The samples synthesized in the presence of ultrasound displayed highly 

crystalline, cubic shape and uniform core/shell structures, whereas the samples synthesized 

without ultrasound showed non-uniform core/shell structures with low crystallinity. High 

magnetic moment values were obtained for the samples synthesized in the presence of 

ultrasound; however, the synthesized samples without ultrasound showed low magnetic 
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moment values with superparamagnetic properties. The synthesized core/shell nanocubes and 

nanocomposites of Fe3O4/SiO2 and Fe3O4/C are highly promising for various applications 

related to energy, the environment, biomedicine, etc. This work not only provides a novel 

approach for the synthesis of the silica-and carbon-coated magnetite nanocubes but also 

opens a path for preparing different core/shell nanostructures in a one-step reaction process. 

 

4.3 Fe3O4/TiO2 core/shell nanocubes: Single-batch surfactantless synthesis, 

characterization and efficient catalysts for methylene blue degradation  

 

4.3.1 Introduction  

     Large amounts of dye contents found in the disposed effluents of textile, paper, leather, 

cosmetics industries, up on mixing with the water bodies, would cause severe environmental 

and health problems [57]. Besides, certain dyes and their degradation counterparts are 

potentially carcinogenic and toxic [58]. Therefore, there arises an imminent need to overcome 

this extreme problem and hence many researchers have paid much attention in developing 

suitable materials. Titanium dioxide (TiO2) nanoparticles are considered as one of the 

excellent photocatalytic materials for purification of wastewater, because of their’s biological 

and chemical inertness, non toxicity, strong oxidizing power, cost effectiveness, suitable band 

gap energy and long stability term against photo-and chemical corrosions, in addition to their 

excellent degradation capacity for organic pollutants [59-62].  

     On the other hand, recycling is the most probable drawback in case of using pristine 

titanium dioxide in wastewater treatment. Sedimentation is the common route for separation 

of titanium dioxide particles after pH adjustment and a coagulation-flocculation process. 

However, after applying this method, a fraction of TiO2 particles usually remains in the 

treated water and a further microfiltration step is usually required for final purification [63-

65]. Thus, separation and recovering of titania from the waste water becomes a difficult task, 



81 

 

and as a consequence it involves high costs in practical applications. Alternatively, 

functionalization of titania by incorporating magnetic nanoparticles colloids allows a 

convenient recovery of magnetic catalyst under an external magnetic field. In particular, 

recent studies demonstrated that magnetite (Fe3O4) is the most effective heterogeneous 

Fenton catalyst as compared to other iron oxides [66-69], possibly because it is the only one 

that has Fe
+2

 in its structure to enhance the production rate of 
.
OH [67]. Furthermore, it is 

capable of removing some of the pollutants like, dye, heavy metals and organic waste from 

water resources based on its high surface adsorptive behavior especially for the type with 

high surface-to-volume ratio, and hence acquires high loading capacity properties [70-72].  

     Many groups have been succeeded to synthesize various magnetic oxide nanoparticles 

coated with titanium dioxide for using them in wastewater treatment purpose by different 

methods including, sol gel, wet chemical and seed-mediated methods [73-75]. Even though 

these methods provide great benefits for producing an effective composite of magnetic 

material with titania in spherical shapes, they are however constrained to use much amounts 

of surfactant and long reaction times (multi-step procedure), and consequentially involve high 

costs. Further, according to our best knowledge, the deposition of titania on the cube shape of 

magnetite in a single reaction has not been reported up to now, however there is one attempt 

with the sphere shape using the sonochemical method has been reported [76].  

     Ultrasonics sonochemical method has been very useful in the synthesis of a wide range of 

nanostructured materials in short durations. The ultrasound assisted method was also proven 

as a progressive technique for synthesis and deposition of nanoscaled metals and metal 

oxides on different ceramic and polymer supports [52, 77-79]. In this method, compared to 

the traditional energy sources, ultrasonic irradiation provides rather unusual reaction 

conditions of extremely high temperatures (5000 K) and pressures (500 bar) for a short 

duration in liquids with cooling rates reaching to 10
9
 K/s which could not be realized by other 
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methods [24]. Besides, it is believed that ultrasonic irradiation significantly enhances the 

hydrolysis rate, and shock waves can induce unusual morphological changes in the metal 

oxides [80]. At the same time, the sonochemical method is not only used in synthesizing 

uniform sized nanoparticles but also in facilitating the formation of core-shell nanostructures 

with uniform deposition [44, 46, 81-84]. Enomoto and his group have succeeded to coat 

magnetite nanoparticles with silica using the sonochemical method [24]. Gendanken and his 

group have also reported the deposition of magnetite nanoparticles on silver surface using 

sonochemical technique [85]. And, recently Enterzari. et al have succeeded to coat cadmium 

sulfide with titanium dioxide by sonochemical method [84].  

     In this work, while carefully adjusting the pH of the reaction and controlling the ratio of 

iron precursor to the solvent amount, I succeeded to decrease the size of synthesized iron 

oxide nanocubes to nearly 40 nm. After that, I coated the Fe3O4 NCs surface with titanium 

dioxide in single reaction sonochemical technique. The catalytic activity of the prepared 

titania coated magnetite nanocube sample was evaluated by the degradation model of 

contaminated water with the presence of methylene blue (MB). The MB was selected for our 

study as a contamination model because it is a typical synthetic cationic dye and is being 

extensively used in textile industry in spite of the risks of eye burns, nausea, vomiting and 

diarrhea by its presence in wastewater [69]. The degradation efficiency of the prepared 

sample for repetitive use was also investigated. The structure, composition, size, surface 

coating mechanism and magnetic properties of the synthesized particles were examined in 

detail for their effect on degradation efficiency of MB.  

4.3.2 Experimental  

4.3.2.1 Materials  

     Iron (II) sulfate heptahydrate (FeSO4.7H2O), titanium isopropoxide (TIPP) 

Ti{OCH(CH3)2}4, methylene blue (C16H18N3SCl), sodium hydroxide (NaOH),  hydrogen 
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peroxide (H2O2) and ethyl alcohol (C2H5OH) (99 %) were purchased from Sigma-Aldrich 

Co. Ltd. All the chemicals were of analytical reagent grade and used as received without any 

further purification, and the synthesis process was carried out under an ambient temperature.  

4.3.2.2 Synthesis of Fe3O4/TiO2 core/shell nanocube  

     Iron oxide nanocubes with 40 nm size were synthesized based on the method described 

previously [12] with a minor modification in the reaction pH to obtain lower particle size. 

Typically, 2.31 g of FeSO4. 7H2O was dissolved in 100 mL distilled water for 5 min using 

magnetic stirrer, and then the solution was transferred to ultrasonication. 3M NaOH was 

injected in the reaction after 15 minutes of starting ultrasonication. When the solution turned 

from blue to black color which was considered as an indicator for the formation of the 

magnetite phase, 2 mL of titanium isopropoxide (TIPP) was injected into the solution and the 

sonication process was continued for 50 min more (total reaction time is 70 min). The 

ultrasonic processor (Vibra Cell-VCF 1500, Sonics and Materials) with a maximum power of 

1500 W was used in this experiment. The sono reactor equipped with a titanium horn having 

5 cm
2
 of irradiating surface area and piezoelectric transducer supplied by a 20 kHz generator 

was immersed below the surface of the sonicated liquid. Finally, the obtained mixture was 

washed and sonicated (using cleaner SH-3400) for five times in water and ethanol while 

collecting the precipitate using a magnet, and then dried in a vacuum evaporator.  

4.3.2.3 Catalytic activity test  

     In a typical catalysis reaction, 50 mg of catalyst sample (Fe3O4/TiO2 composite 

nanocubes) were added to 1 mL of 5 mM methylene blue at room temperature in absence of 

UV irradiation. The degradation or decolorization of methylene blue was monitored by a UV-

visible spectrophotometer at different reaction periods, using quartz cuvettes with 1 cm path 

length. For UV-visible measurements the samples were prepared by addition of 990 µL of 

water into 10 µL of the reaction mixture in the quartz cuvette. In another reaction, 100 µL of 
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hydrogen peroxide (H2O2) was also added to the reaction mixture and repeated the 

experiment under the same reaction conditions. After the completion of the degradation 

process, the titanium coated magnetite nanoparticles were separated from the mixture by a 

permanent magnet, washed three times with distilled water and then reused in the next cycle. 

The same procedure was repeated up to 6 cycles.  

4.3.2.4 Characterization  

     Crystal structures of the as-synthesized nanoparticles were analyzed by X-ray powder 

diffraction (XRD. Regaku D/max-250) with Cu Kα radiation (=1.540562 Å) in the 2Ө range 

from 20 to 80 degrees. The operation voltage and current were kept at 40 kV and 300 mA, 

respectively. The degradation process of MB was characterized by a NANODROP 2000c 

spectrophotometer (Thermo Scientific) operated at a resolution of 1 nm using freshly 

prepared solutions in quartz cuvettes with 1 cm path length. The size and morphology of the 

nanoparticles were characterized using transmission electron microscopy (TEM, The Tecnai 

G2 F20 operated at 200 kV). The chemical composition was analyzed by the energy 

dispersive spectrometer (EDS) by embedding its detector on the TEM. The Fourier transform 

infrared (FT-IR) spectra were collected in the transmission mode (4000-400 cm
-1

) using an 

ALPHA FT-IR instrument (Brucher Optic GmbH, Germany). The magnetic properties of the 

nanoparticles were measured at room temperature using vibrating sample magnetometer 

(VSM) (Lake Shore 7400 series).  

4.3.3 Results and discussion   

4.3.3.1 Formation mechanism and morphology  

     The Fe3O4/TiO2 core/shell structure can be synthesized through a single sonochemical 

approach. As described in my previous work [12], the ultrasonic irradiation of the aqueous 

liquids, as a result of prevailing extreme conditions, generates free radicals of H
.
 and OH

.
. 

Similar generation of free radicals in the sonochemistry has been reported in earlier works 



85 

 

also [86, 87]. These radicals can either recombine to return their original form or combine to 

produce H2 and H2O2 as strong oxidants and reductants, which in turn are utilized to obtain 

the final products during sonochemical reaction in aqueous solution [80]. Therefore, the first 

step in the decomposition of iron precursor (FeSO4. 7H2O) is formation of Fe2O3. The 

conversion of Fe2O3 into Fe3O4 occurred as a reduction process in this period perhaps due to 

the continuous presence of strong reductants in the sonochemical reactions. Addition of 

titanium isopropoxide (TIPP) as a source of titania to the reaction mixture and in presence of 

aqueous medium resulted in hydrolyzing it to hydrophobic Ti-OH, which can interact with 

the Fe3O4 nanoparticles and getting emulsified as droplets under the physical forces generated 

in the acoustic field [88]. Then it can enhance the condensation reactions among the hydroxyl 

groups which lead to formation of the titanium dioxide on the surface of the cube shaped 

magnetite nanoparticles.  

     Nevertheless, it is thought that the deposition of titania on the surface of the magnetite 

particles could occur through two routes. In the first route, the addition of titanium 

isopropoxide to the reaction mixture might cause the rate of hydrolysis becomes highly 

accelerated in several orders in the presence of ultrasound [89] and then the titania forms 

chemically and connects with magnetite nanoparticles through oxygen. Whereas in the 

second route, the titania sol forms at first in the solution through hydrolysis and condensation 

of TIPP and then deposits on the magnetite nanoparticles through hydrogen bonding. 

Moreover, the shock waves and turbulent flows as a consequence of microbubble collapses 

can drive nanoparticles together at velocities of hundreds of meters per second, which lead to 

form Fe3O4/TiO2 core-shell NPs [51, 46].  

     The shapes of the uncoated and the TiO2 coated magnetite nanoparticles are shown in Fig. 

4-23 observed by transmission electron microscopy (TEM). Fig. 4-23a, b represents the 

uncoated magnetite sample, where the cubic shape with well crystallinity is clearly revealed. 
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This is consistent with the sharp and stronger peaks as observed and discussed a little later 

from XRD data for the cubic inverse spinel structure of the magnetite. In my previous work, I 

synthesized magnetite nanocubes of 80 nm in size at first, and then by adjusting the pH of the 

reaction I succeeded to decrease the size even to nearly 40 nm with narrow and uniform size 

distribution. The reason for such a decrease in the size of the nanoparticles could be related to 

the influencing factor of surface to volume (S/V) ratio of the cube shapes. Decreased size of 

the particles leads to an increase of the surface to volume ratio and consequently an 

improvement in the catalytic activity, as will be discussed later. Furthermore, it is well known 

that the cube shape is characterized by its higher surface to volume ratio comparing with 

other shapes such as octahedron, dodecahedron, icosahedron and sphere [12].  

 

                       Fig. 4-23 TEM images with different resolution of (a, b) Fe3O4 nanocube and                      

(c, d)  Fe3O4/TiO2 nanocube.  

 

Moreover, the advantages of the sonochemical approach over conventional methods in 

producing metal oxide nanoparticles with high surface area have been recognized by many 

research groups [80]. Fig. 4-23c, d represents the TEM image of the TiO2 coated magnetite 



87 

 

nanocube sample. It is evident from the image that the deposition of amorphous shell of 

titania on the surface of the cubes could have formed during the synthesis procedure itself, as 

it is well supported by the obtained XRD data (discussed below) with reduced peak 

intensities. Also, the presence of the titania layer on the surface of the magnetite cube is 

further supported by the increment in the size of the particle to nearly 50 nm, as can be seen 

from the image. 

Fig. 4-24(a, b) shows the EDS spectra of both the uncoated and the TiO2 coated 

magnetite nanocube samples. It is clearly evident from the figure, only two elements of iron 

and oxygen in case of the uncoated magnetite nanocube sample (Fig. 4-24a), and three 

elements of iron, oxygen and titanium for the TiO2 coated magnetite sample (Fig. 4-24b) are 

observed in the corresponding spectra. These data clearly indicate that the samples are 

prepared as intended, with the constituents of iron oxide only for the uncoated sample and the 

combined presence of iron oxide along with TiO2 for the coated sample, and thus indirectly 

confirm the formation of Fe3O4-TiO2. 

 

               Fig. 4-24  EDS pattern of (a) Fe3O4nanocube and (b) Fe3O4/TiO2 nanocube. 

4.3.3.2 Structure characterization 

     The X-ray diffraction patterns of the uncoated and the TiO2 coated magnetite nanocube 

samples are shown in Fig. 4-25a (1, 2). Fig. 4-25a (1) represents the peaks of only uncoated 

magnetite nanocube sample which can be indexed at the values of 30.1°, 35.4°, 37.0°, 43.0°, 
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53.39°, 56.9°, 62.6°, 70.9°, 73.9° and 78.9°, corresponding to the crystal planes of (220), 

(311), (222), (400), (422), (511), (440), (620), (533) and (444), respectively. The strong and 

sharp peaks indicate the formation of iron oxide with a cubic inverse spinel structure, which 

is consistent with the standard data for magnetite (JCPDS card no.00-019-0629). Fig. 4-25a 

(2) represents the diffraction peaks of the TiO2 coated magnetite nanocube sample. The 

observed peak positions of this sample remain the same as that of the magnetite nanocube 

sample, but with a marginal decrease in the intensities of the peaks and also the intensity ratio 

of 220/400 peaks. Reduction in the peak intensities of the TiO2 coated sample may be 

attributed to the presence of titania on the surface of the magnetite nanocubes and observation 

of no additional peaks indicates that the titania layer on the nanocube surface is amorphous. 

Similar results of decreased peak intensities in case of coating the nanoparticles with titania 

have been reported [62]. However, since the intensity of 220 peak depends exclusively on the 

cations occupying A-sites, the reduction in 220/400 ratio implies a modified cation 

distribution by migrating some of the cations to B-sites which could otherwise have filled the 

A-sites. 

 

 

Fig. 4-25 (a) XRD patterns of (1) Fe3O4 nanocube and (2) Fe3O4/TiO2 nanocube,                 

and (b) FTIR analysis data for both Fe3O4 and Fe3O4/TiO2nanocube. 
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     The crystallite size of the TiO2 coated sample was calculated from the XRD pattern using 

the Scherer equation   D= K/ cos                                                (1) 

where  is the X-ray wavelength (1.540562 Å),  is the full width at half maximum 

(FWHM),  is the Bragg angle for the studied peak. And, K is the shape factor which may 

slightly vary for different shapes, but is taken as 0.9 in the present study as it is commonly 

employed for many of the spinel structures [90]. I applied this equation to the highest 

intensity peak (311) of the pattern and calculated the crystallite size to be about 30 nm, which 

is less than the mean particle size of 50 nm estimated from TEM images, as discussed above 

in the morphology part. Thus, it can be inferred from the above that the Scherer formula 

provides relatively a smaller value for particle size as the width of the diffraction peak is 

caused by apart from the particle size, a variety of other factors including inhomogeneous 

strain and instrumental effects [49], It can also be argued from the above that the particles 

may be composed of two or more crystallites. If all these other contributions to the peak 

width were zero, then the peak width would be relatively smaller as it is represented solely by 

the particle size and the corresponding particle size by Scherer formula would be relatively 

larger so as to match with that of the TEM’s result. On the other hand, if the other 

contributions to the peak width are nonzero, then the particle size predicted by the Scherer 

formula would be obviously smaller as was the case with the present XRD study wherein the 

extra peak width is supposed to be coming from the other factors [91]. 

     Fig. 4-25b shows the Fourier transform infrared spectroscopy for the uncoated and the 

TiO2 coated magnetite (catalyst) nanocube samples in the range from 400 to 4000 cm
-1

. Both 

the spectra contain a large peak around 545 cm
-1 

which is related to the vibration of Fe-O 

functional group and matches well with the characteristic peak of magnetite (Fe3O4) [92]. For 

the TiO2 coated magnetite sample, the observed peak is relatively broader and this may be 
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attributed to the overlapping of Ti-O peak along with the Fe-O peak mentioned above [94]. 

Besides, appearance of two additional peaks at 1118 and 1340 cm
-1

 for the TiO2 coated 

magnetite sample only could be attributed to the presence of stretching vibrations of Ti-O and 

Fe-O-Ti bonds, which can be seen as another confirmation for the attachment of TiO2 on the 

surface of the magnetite nanocubes [93]. A small additional peak observed only in the 

catalyst sample at 1560 cm
-1 

may be assigned to the bending vibration of adsorbed water 

indicating that more OH groups are present in that sample as a result of TiO2 coating [94]. 

4.3.3.3 Magnetic properties   

     The hysteresis curves of the uncoated and the TiO2 coated magnetite nanocube samples 

measured at room temperature using VSM in an external magnetic field ranging from –15 

kOe to +15 kOe are shown in Fig. 4-26a. The saturation magnetization for the uncoated 

magnetite sample is 80 emu/g and it decreases for the coated sample to about 57 emu/g. 

Similarly, the coercivities of the uncoated and TiO2 coated samples are found to be 180 and 

92 Oe, respectively. These reductions in saturation magnetization and coercivity after the 

TiO2 coating for the uncoated and coated samples may be attributed to the reduced mass of 

Fe3O4 core due to the existence of non-magnetic shell composed of titania around the core. 

This decrease in magnetization value may be considered as an additional evidence for the 

successful deposition of titania on the magnetite nanocubes. Further, it supports the argument 

that the coated titania is bonded onto the surface of the magnetite particles through the 

chemical connection (Fe-O-Ti), as described in the previous section. Reduction of the 

magnetic moment of iron ions connected with Ti on the surface of magnetite particles 

through the Fe-O-Ti connection was reported [75], and thus the magnetization was bound to 

decrease after the titania coating, as observed in the present study. And, similar results of 
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decreased magnetizations after coating the magnetic nanoparticles with oxide metals like 

titania or silica have also been reported [24, 95, 96].  

 

          Fig. 4-26 The magnetization curves for (a) Fe3O4 and Fe3O4/TiO2 nanocube, and  

(b)Fe3O4 and Fe3O4/TiO2 nanocube after 3 month of first measuring measured by VSM 

at 300 K. 

     However, the relatively high magnetization value of 57 emu/g of the TiO2 coated 

magnetite nanocube sample makes it tenable for catalytic applications because it can get 

easily separated from the solution by applying an external magnetic field, which is an 

important point especially in the case of large volume of a solution. Fig. 4-26b shows the 

hysteresis curves of both the Fe3O4 and Fe3O4/TiO2 nanocube samples taken after three 

months of the first time measurements. The Ms value of the uncoated sample was now 

decreased from 80 emu/g to 72 emu/g, where as the coated sample (Fe3O4/TiO2) has recorded 

nearly the same value of 56.5 emu/g, which indicates the high stability of the catalyst sample 

resulting from the coating of non-magnetic titania shell around the magnetite core only.  

4.3.3.4 Catalytic activity of the Fe3O4/TiO2nanocubes 

     In order to investigate the catalytic performance, the produced sample (Fe3O4/TiO2 

nanocubes) was evaluated for the decolorization of methylene blue (MB) with and without 

adding H2O2 as assistant agent and compared with the performance of the prestine Fe3O4 

nanocube sample.  
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           Fig.4-27 UV-visible spectra for the degradation process of MB by the Fe3O4/TiO2                 

nanocube sample obtained at various time in case of (a) using only Fe3O4/TiO2                

anocube and (c) addition of H2O2 to Fe3O4/TiO2 nanocube sample, and plots of In C          

versus time for the degradation of MB using (b) Fe3O4/TiO2 nanocube and (d) 

addition of H2O2 to Fe3O4/TiO2 nanocube.  

 

     From the UV–visible spectra (Fig. 4-27a and b) it can be clearly seen that the 

characteristic absorption peaks of MB at 290 and 680 nm decrease rapidly when added the 

synthesized Fe3O4/TiO2 nanocubes and it showed 81 % efficiency in the time span of 6 

minutes. The degradation efficiency of MB increased rapidly after adding H2O2 to reach 99 % 

in only 5 min, as shown in the figure. The results of the degradation process of MB are 

known to be governed by the first order kinetics [97]. At 680 nm, the logarithm of absorbance 

(ln C) of MB decreased linearly with the reaction time. From this linear regression of the 

slope of ln C vs time, we estimated the first-order rate constant (k) of the reaction. The 
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degradation of MB produced from the Fe3O4/TiO2 nanocubes sample only had the k value of 

2.76 × 10
-2 

(Figure 4-27a and b), while the k value in case of adding hydrogen peroxide to the 

Fe3O4/TiO2 nanocubes is increased to 7.2 × 10
-2 

(Figure 4-27c and d). These results suggest 

that the speed of the reaction was fast and more effective in case of adding H2O2. Fig. 4-28 

shows the UV–visible spectra of the catalytic activity of prestine Fe3O4 nanocube for the 

degradation process of methylene blue. It is clearly apparent from the figure that only 25 % 

efficiency of MB degradation resulted through 45 minutes when we used Fe3O4 nanocubes 

without coating titania. Nevertheless, it can be inferred from the above that the coating of 

titania layer around the magnetite nanocubes has substantially enhanced the MB degradation 

performance compared to the performance of the uncoated sample.  

 

                          Fig.4-28 UV-visible spectra for the degradation process of MB at                                  

various times by only Fe3O4 nanocube. 

The superior catalytic activity of our Fe3O4/TiO2 nanocube sample may be ascribed not only 

to the higher surface to volume ratio (SV) of the cube shape but also to the increase in the 

specific surface area with coating of titania shell. Therefore, the core/shell structure with 

enhanced electron transfer has more surface hydroxyls (active sites) than single magnetic 

cores and thus leads to higher catalytic activity [94]. Furthermore, the high dispersity of the 

produced sample (Fig. 4-23c, d) provides even more active sites for catalytic reaction [98]. 
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4.3.3.4 Mechanism proposed for catalytic activity 

     Although the catalytic activity of magnetite nanoparticles as peroxidase mimetics was 

widely reported, the related mechanism was yet to be satisfactorily understood [100]. In our 

study, the hydrogen peroxide plays an important role and the activation of Fe3O4/TiO2 

nanocomposite in catalytic activity may involve the following reactions from equations (1-5). 

Firstly, MB was adsorbed onto the catalyst surface (Eqn. 1) where Me in the equation stands 

for the Fe or Ti on the surface of Fe3O4/ TiO2 [94]. Then the degradation of organics in a 

Fenton or Fenton-like process occurs due to the formation of reactive oxygen species (ROS), 

such as hydroxyl and perhydroxyl radicals (
.
OH and 

.
OOH) as in Eqns 2 and 3 [99]. 

Therefore, once produced such radicals of 
.
OH and 

.
OOH can non-selectively react with 

organics by general, and in our case can immediately attach methylene blue leading to the 

degradation and mineralization of MB based on its high oxidizing ability as in Eqns 4 and 5 

[100]. Furthermore, the 
.
OH and 

.
OOH radicals may react with the adsorbed H2O2, Fe

3+
 and 

Fe
2+

 sites on the catalyst surface to either terminate the chain or prolong the reactions. 

MeOH +MB →MeOMB +H
+ 

 (1) 

Fe
2+

 + H2O2 → Fe
3+

 + 
.
OH +OH

- 
(2) 

Fe
3+

 + H2O2 → Fe
2+

 + 
.
OOH + H

+ 
(3)

 

MB + 
.
OH → CO2 + H2O                (4) 

MB + 
.
OOH → CO2 + H2O                  (5) 

     The efficiency of the introduced Fe3O4/TiO2 as a heterogeneous Fenton-like catalyst may 

also be compared to other such materials (Table 4-2). Wei et al. [75] showed that about 50 % 

to 60 % of MB was decomposed in 90 min in the presence of magnetic hybrid NPs of 

Fe3O4/TiO2 by using a surfactant in the synthesis reaction. Xiaoxiao et al. [62] used γ-
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Fe2O3@SiO2@TiO2 composite microsphere for degradation of pollutant dye in 60 min but 

employed a complex procedure for synthesis of the catalyst composite used. Shengato et al. 

[94] investigated Fe3O4/FeMnO core/shell nanoparticles as a heterogeneous catalyst with the 

assistance of hydrogen peroxide for degradation of MB with effective results but they needed 

long time of four hours to obtain those results, in addition to using a multi-step procedure to 

get the same. More recently, Harsha et al. [101] demonstrated a new approach to enhance the 

photocatalytic activity of TiO2-ϒ-Fe2O3 nanocomposite under the UV-radiation exposure 

without the use of SiO2 interlayer, even they succeeded in developing a new approach but 

they also needed to use long reaction time with calcination process at 600 °C to degrade the 

MB within 60 min. In contrast, only 5 min was required to degrade 99 % of MB in our 

experiments, in addition to the new and facile approach we use for synthesizing Fe3O4/TiO2 

nanocomposite catalyst. 

4.3.3.5 Reusability properties 

     The stability of our Fe3O4/TiO2 nanocube sample is also studied for different cycles of MB 

degradation process. After the degradation of methylene blue, the nanocubes augmented still 

retained their magnetic properties and can easily be collected by permanent magnet for 

subsequent use of at least 6 times (Fig. 4-29a). Our recycling experiments of Fe3O4/TiO2 

nanocubes demonstrated that about 90 % of MB was removed even after a six-cycle run for 

the degradation process, as shown in Fig.4-29b. This shows that these catalyst nanocubes are 

highly stable and can be used for repeated treatment of methylene blue. However, the 

decrease in methylene blue degradation may be understood as due to the loss and aggregation 

of the nanoparticles during the cycling process, and also due to the adsorption of MB or 

intermediates on the surface of titanium coated magnetite nanocubes [102]. 



96 

 

 

          Fig. 4-29 (a)The decolorization of MB caused significant color transition from initial         

dark blue (before separated) to light blue (after separated) by an external magnet and         

(b)The reusability curves of the catalyst sample (Fe3O4/TiO2 nanocube) for 6 times 

used. 

 

Table.4-2 Efficiency comparison of our nanocubes and other materials for the degradation of MB 

 

4.3.4 Conclusion  

     In summary, I demonstrated a simple and new approach for the synthesis of Fe3O4/TiO2 

nanocubes in single reaction using a sonochemical technique. The produced Fe3O4/TiO2 

nanocubes sample showed an excellent efficiency with 99% degradation of MB in presence 

of H2O2 while displaying an enhanced efficiency of 25 % due to the titania coating compared 

to the degradation efficiency of pristine Fe3O4 nanocube. This work not only provides a new 

method in integrating the titania coated magnetite nanocubes with enhanced catalytic activity 

for dye decomposition as well as magnetically separable recycling performance for at least 6 

times but also opens a path for preparing different core/shell nanostructures in a one-step 

reaction process.   
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CHAPTER- 5 

Functionalization of iron oxide (Fe3O4) nanocubes with noble metals (Ag 

and Au) 

     This chapter focuses on functionalization of the as-synthesized iron oxide nanocubes 

surface with two different noble metals to obtain the two types of composite structures such 

as Fe3O4/SiO2/Ag and Fe3O4/Au nanocubes. The method used for synthesis of Fe3O4/SiO2/Ag 

nanocubes is a novel sonochemical technique; however, the seed mediated growth method 

used for synthesis of Fe3O4/Au nanocubes, and in both approaches, the reaction time is 

shorter than the previously reported methods. The catalytic activity of the synthesized 

Fe3O4/SiO2/Ag nanocubes was studied for the reduction reaction of 4-nitroaniline to 4-

phynylenediamine within recycling properties. 

5.1 A novel approach for the synthesis of ultrathin silica-coated iron oxide nanocubes 

decorated with silver nanodots (Fe3O4/SiO2/Ag) and their superior catalytic reduction of 

4-nitroaniline  

 

5.1.1 Introduction 

     Noble metal nanoparticles (NMNPs) have been intensively pursued because of their 

promising applications in various fields including biology and catalyst applications. Notably, 

silver (Ag) is considered an inexpensive material compared with other noble metals, such as 

as gold (Au), platinum (Pt) and palladium (Pd), and also Ag possesses good chemical and 

physical properties [1]. Furthermore, Ag NPs have extraordinary plasmon-resonant optical 

scattering properties that are used in optical applications such as signal enhancers, optical 

sensors, and biomarkers [2-6]. Additionally, Ag enhances the effect of radiation treatment in 

killing cancer cells [2, 7]. Moreover, Ag NPs are recognized as a promising antimicrobial and 

disinfectant agent that can be used to treat infectious diseases [8, 9, and 10] even for 



104 

 

organisms that display antibiotic resistance [11, 12]. In particular, using silver nanoparticles 

as a catalyst has drawn significant interest because Ag combines the characteristics of high 

reactivity and selectivity. Notably, catalyzing the reduction of 4-nitro organic compounds 

with Ag NPs has been accepted as an alternative, effective and eco-friendly route to produce 

4-amino organic compounds in industry [13, 14].
 
 

     Iron oxide nanoparticles have also been comprehensively studied for biomedical 

applications such as hyperthermia treatment for malignant cells, drug delivery, biosensors, 

magnetic resonance imaging contrast agent, magnetic separation and cell sorting; these 

applications stem from the unique magnetic properties and biocompatibility of these 

nanoparticles [15–22]. Furthermore, iron oxide displays excellent activity in energy and 

catalyst applications [23-24], and notably, magnetite (Fe3O4) is considered the most effective 

heterogeneous Fenton catalyst compared with other iron oxides [25-28], likely because 

magnetite is the only oxide that displays Fe
+2

 in its structure, which enhances the production 

rate of 
.
OH radical. [25, 29]  

     In general, functional materials can be defined as any material that integrally combines 

two or more properties designed to meet specific requirements through tailored properties. 

Therefore, the combination of silver (Ag) nanoparticles and magnetite (Fe3O4) nanocubes to 

form core/shell nanostructures will offer possibilities for the development of advanced 

composite materials and create a promising composite for multiple applications. This 

nanostructure combines excellent magnetic responses, plasmonic properties, surface to 

volume ratios, bio-conjugation affinities and biocompatibilities. However, naked iron oxide 

NPs are likely to form an aggregation and be easily oxidized or dissolved in an acidic 

medium during the recycling process. Thus, a protective layer for the iron oxide is required, 
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and the best candidate for this layer is silica based because of its high chemical and thermal 

stabilities.   

      Currently and to the best of my knowledge, few studies have been reported for the 

synthesis of MNPs/SiO2/Ag nanoparticles with a spherical shape. Du et al., and Chi et al. and 

Shin et al. have succeeded in depositing of Ag on silica coated Fe3O4 microspheres using 

combination approaches of solvothermal and Stober sol-gel process for the catalytic 

reduction of 4-nitrophenol [1, 30, 31]. Wang et al. have succeeded to synthesis of 

Fe3O4/SiO2/Ag microspheres for the usage of antibacterial materials against Escherichia coli 

[32].
 
Bayat et al. have demonstrated the synthesis of Fe3O4/SiO2/Ag nancomposites using 

chemical methods for the oxidant-free dehydrogenation of alcohols [33]. Kooti et al. have 

successfully synthesis the CoFe2O4/SiO2/Ag composite through a three-step procedure for 

using as an antibacterial agent of both Gram-positive and Gram-negative bacteria [34]. Even 

though, the majority of the aforementioned developed approaches are efficient and eclectic, 

the used sysnthesis procedures for preparing that type of functionalized nanoparticles are 

rather complicated and time-consuming. Furthermore, most of the methods are used to 

produce materials with microparticle size, which obviously affected on its performance in the 

applications compared with using the nanoscale size of particles. Moreover, several of the 

reaction conditions are rather critical and required a substantial amount of surfactant and 

protective conditions. These requirements involve significant costs and pulling down the 

materials towards industrial applications. 

     In this study, I reported a new and rapid approach based on ultrasonication at high 

temperatures and pressure for the synthesis of Fe3O4/SiO2/Ag nanocubes using three simple 

steps for a sonochemical reaction within a short time. Moreover, using the same approach of 

ultrasound, we synthesized a stable colloidal solution of Ag NPs and Ag decorated SiO2 
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(SiO2/Ag) nanospheres. The physical properties generated from ultrasonication, the microjet 

and shock waves, could be the key parameters for enhancing the surface functionalization of 

iron oxide nanocubes in both the silica shell and silver nanoparticles. The morphology and 

crystal structures were monitored using different analysis techniques such as X-ray 

diffraction (XRD), transmission electron microscope (TEM), high resolution transmission 

electron microscopy (HRTEM), Energy-dispersive X-ray spectroscopy (EDS) mapping, and 

superconducting quantum interference device (SQUID) for measuring the magnetic 

properties. The application efficiency of our produced sample was investigated in terms of 

the catalytic reduction of 4-nitroaniline to-4-phynelenediamine and the recycling properties. 

5.1.2 Experimental section 

5.1.2.1 Materials 

Iron (II) sulfate heptahydrate (FeSO4.7H2O), tetraethyl orthosilicate (TEOS), silver nitrate 

(AgNO3), polyvinylpyrolidone (PVP M.W. 40.000), 4-nitroaniline, sodium hydroxide 

(NaOH), ammonia, and ethyl alcohol (C2H5OH) (99 %) were purchased from Sigma-Aldrich, 

Ltd. All chemicals were of analytical reagent grade and were used as received without any 

further purification. The synthesis process was performed under ambient temperature. 

5.1.2.2 Synthesis of iron oxide (Fe3O4) nanocubes using the sonochemical method 

     The synthesis of iron oxide (Fe3O4) nanocubes was performed based on my previous study 

of a sonochemical method [35, 36]. In brief, 2.31 gm of FeSO4.7H2O was dissolved in 100 

mL of distilled water, and the solution was then transferred to the ultrasonication reactor 

chamber. NaOH was then injected into the reaction within 15 min of initiating the 

ultrasonication. The reaction continued for 70 min, and the ultrasonication was then halted. 

The obtained iron oxide nanocube was washed several times in water and ethanol. The 

precipitate was collected using a magnet, and then dried in a vacuum evaporator. The 

ultrasonic equipment is an ultrasonic processor (VibraCell-VCF1500, Sonicsand Materials) 
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with a maximum power of 1500 W. The sonoreactor was equipped with a titanium horn with 

a 5 cm
2
 irradiating surface area and a piezoelectric transducer supplied by a 20 kHz generator 

submerged below the surface of the sonicated liquid. 

5.1.2.3 Synthesis of the Fe3O4/SiO2 nanocubes using an ultrasonic assisted sol-gel 

method 

     The synthesis of Fe3O4/SiO2 nanocubes followed my developed sol-gel approach [36] with 

modifications mainly in the use of ultrasound to reduce the reaction time. Typically, two 

short reactions of 30 minutes each using the ultrasonic assisted sol-gel methods were used to 

coat the Fe3O4 nanocubes with an ultrathin SiO2 shell. In the first step, we functionalized the 

surface of the Fe3O4 NCs with PVP through the following: 4 gm of PVP was dispersed in 60 

mL distilled H2O and was mixed with 100 mg Fe3O4 dispersed in 20 mL distilled H2O under 

ultrasonication for 30 min. In the second step, we added the PVP-stabilized Fe3O4 to a 

solution containing 100 mL of ethyl alcohol and 5 mL ammonia and ultrasonicated for 30 

min. During the ultrasonication, we injected 1.5 ml of TEOS into the solution. Thereafter, the 

solution was washed several times with ethanol and water. The precipitate of Fe3O4/SiO2 

nanocubes was collected using a magnet. 

5.1.2.4 Synthesis of Fe3O4/SiO2/Ag nanocubes using sonochemical method 

     To functionalize the surface of silica coated iron oxide nanocubes with silver, I used a one 

pot-sonochemical reaction. In a typical synthesis of Fe3O4/SiO2/Ag nanocubes, 35 mg of the 

prepared Fe3O4/SiO2 nanocubes were dispersed in a mixed solution of 100 mL ethanol and 5 

mL ammonia. The samples were ultrasonicated for 40 min, and after 10 min of 

ultrasonication, a solution of 0.4 gm AgNO3 dispersed in 20 mL ethanol were rapidly 

injected. To prepare a solution of AgNO3 in ethanol, we employed ultrasonication because 

the silver nitrate cannot solubilize as easily in ethanol as in water. The reaction was the 

halted, and the obtained mixture was washed several times in water and ethanol. The 
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precipitate was collected using a magnet, and then dried in a vacuum evaporator to obtain the 

core/shell nanocubes of Fe3O4/SiO2/Ag. 

5.1.2.5 Synthesis of silica (SiO2) nanoparticles using sonochemical method 

     For the synthesis of SiO2 NPs, we used a one-pot reaction of sonochemical method. 

Typically, 3 mL of TEOS was added to a 100 mL solution of dis. H2O and ethanol, and 5 mL 

of ammonia with stirring for 5 min. After that, the solution was transferred to the 

ultrasonication reactor chamber. The reaction continued for 50 min, and the ultrasonication 

was then turned off. The obtained SiO2 NPs were washed several times in water and ethanol, 

and the precipitate was collected by centerfusion, and then dried in an oven at 90 °C for 6 h. 

5.1.2.6 Synthesis of silver decorated silica (SiO2/Ag) nanoparticles using sonochemical 

method 

    The synthesis of Ag decorated SiO2 nanoparticles are shown in Schematic 1b. For 

functionalization of the surface of SiO2 with Ag nanodots, we used the same sonochemical 

procedures with little modification. Typically, 100 mg of the prepared SiO2 NPs were 

dispersed in a mixed solution of 100 mL ethanol and 5 mL ammonia for 5 min using 

magnetic stirrer. The solution was then transferred to the ultrasonication reactor chamber. 

After 10 min of ultrasonication, a solution of AgNO3 dispersed in ethanol was rapidly 

injected and the reaction was continued for 40 min. The reaction was halted, and the obtained 

SiO2/Ag core/shell was washed several times in water and ethanol. The precipitate was 

collected using centerfusion, and then dried in an oven at 90 °C for 6 h. 

5.1.2.7 Synthesis of silver (Ag) nanoparticles using sonochemical method 

          The synthesis of yellow stable colloidal Ag NPs was performed using eco-friendly 

rapid sonochemical method. Typically, 0.2 gm of AgNO3 was dispersed in a mixed solution 
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of 1:1 dis. H2O: ethanol using a magnetic stirrer for 5 min.  After that, 10 mL of PEG was 

added and then the solution transferred to the ultrasonication reactor chamber. The reaction 

was continued for 30 min, and then turned off. The obtained Ag colloidal NPs with the 

yellow color were washed several times in water and ethanol, and the precipitate was 

collected using centrifusion.  

5.1.2.8 Catalytic test 

To study the efficiency of the synthesized Fe3O4/SiO2/Ag nanocube sample as a catalyst 

material, we used the nanocubes in the catalytic reduction reaction of 4-nitroaniline to 4-

phynylenediamine. In a typical catalysis reaction, 100 μL of 1 mM 4-nitroaniline, 100 μL of 

10 mM NaBH4 and 100 μL of 1 mM of Fe3O4/SiO2/Ag nanocubes were mixed with 700 μL 

of ultrapure water. The chemical reduction of 4-nitroainilne was monitored by a UV-visible 

spectrophotometer in quartz cuvettes with a 1-cm path length and with freshly prepared 

solutions. Same procedures were used to study the catalytic activity of the other two catalyst 

materials of Ag and SiO2/Ag nanoparticles. To study the recycling of the as-synthesized Ag-

decorated silica-coated iron oxide nanocubes, the identical procedure was repeated in up to 

15 cycles. The functionalized nanocubes were separated from the mixture using a permanent 

magnet, washed three times with deionized water and then reused in the next cycle. 

5.1.2.9 Analysis methods  

     The morphology of the functionalized core/shell nanocubes (Fe3O4/SiO2/Ag) were 

observed by transmission electron microscopy (Tecnai G2 F20 operated at 300 kV), and the 

chemical compositions of the nanocubes were analyzed by an EDS mapping analysis coupled 

with the TEM equipment. X-ray diffraction (XRD) patterns were collected (Regaku D/max-

2500) at a voltage of 40 kV, a current of 300 mA and a scanning rate of 2 °/min with a step 

size of 0.01º. The catalytic reduction of 4-nitroaniline was characterized by a NANODROP 
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2000c spectrophotometer (Thermo Scientific) operated at a resolution of 1 nm using freshly 

prepared solutions in quartz cuvettes with a 1-cm path length. The magnetic properties of the 

functionalized core/shell nanocubes were measured by SQUID with an external magnetic 

field ranging from –15 kOe to +15 kOe. 

5.1.3 Results and discussion 

 

 

            Fig. 5-1 (a) Schematic diagram illustrating the synthesis process of the silver           

decorated silica-coated iron oxide (Fe3O4/SiO2/Ag) nanocubes and (b) the silver            

decorated silica (SiO2/Ag). 

 

     The synthesis approach for the silver-decorated silica-coated iron oxide nanocubes has 

been performed in three sonochemical routes. A schematic overview of the formation of the 

functionalized nanocubes is shown in Fig 5-1a. The total reaction time for the synthesis of the 

core/shell nanostructure is shorter than the methods previously reported. The iron oxide 

nanocubes were synthesized by my sonochemical method as described previously [35, 36].
 

The morphology of the as-synthesized iron oxide nanocubes is shown in Fig. 5-2. As revealed 
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by transmission electron microscopy, Fig. 5-2 (a, b) shows that the obtained Fe3O4 nanocubes 

have a mean diameter of 40 nm and are approximately cubic in shape.  

 

Fig. 5-2 TEM images of (a, b) as-prepared Fe3O4 nanocubes, (c, d)  Fe3O4/SiO2                     

nanocubes 

 

     However, the surface coating of Fe3O4 nanocubes with an ultrathin silica layer was 

performed within one hour in this study using an ultrasonic assisted sol-gel method. In my 

previous work, I developed a modified sol-gel method to coat Fe3O4 with silica; however, I 

needed four hours to complete that reaction. Based on the unusual reaction condition 

generated from the ultrasound of high temperatures and pressures, I succeeded in decreasing 

that time to one hour. The shock waves, microjets and turbulent flows resulting from the 

collapse of microbubbles can cause the collision of nanoparticles at velocities of hundreds of 

meters per second. This process forms the silica sol as a consequence of the decomposition of 
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TEOS after injection toward the magnetite surface at high speeds, forming Fe3O4/SiO2 core-

shell nanocubes [37, 38, and 39]. As observed in Fig. 5-2(c, d), the ultrathin silica coated 

magnetite nanocubes exhibit a perfectly cubic structure with a smooth surface and represent 

core/shell nanostructures. The size of the ultrathin silica layer around the Fe3O4 nanocubes is 

approximately 3 nm. 

     The functionalization process of the Fe3O4/SiO2 nanocubes with silver to obtain the 

Fe3O4/SiO2/Ag NCs nanostructures is also performed in the one-pot sonochemistry reaction. 

In general, the ultrasonication of an aqueous medium will produce the radicals H
.
 and OH

.
; 

these radicals can either recombine to return their original form or combine to produce H2 

and H2O2, strong oxidants and reductants used to enhance the reaction [40]. However, in an 

alcohol medium (as in our reaction) two different types of radicals (CH3
.
 and CH2OH

.
) are 

expected to be generated, thereby enhancing the reaction [41]. The generated radical in the 

alcohol medium is expected to reduce the injected AgNO3 to form Ag
+
. In the presence of 

ammonia, Ag(NH3)2
+
 will form and then reduce to Ag nanoparticles as suggested by Pol. et 

al[39]. The stable complex of Ag (NH3)2
+
 can be electrostatically attracted to the partially 

negatively charged SiO2 shell. After sonication, the Ag bonds on the silica (SiO2), and the 

mechanism of silver bonding to the silica surface is related to the physical properties of 

ultrasound (the microjets and shock waves created after the collapse of the bubbles) [42].  

Fig. 5-3 shows the TEM images of the Fe3O4/SiO2/Ag nanocubes. From the figure, small 

well-dispersed silver seeds were noted to attach to the surface of the Fe3O4/SiO2 nanocubes, 

while maintaining the shape and the size of the core/shell Fe3O4/SiO2 NCs. The developed 

sonochemical approach in our study is economical by providing a time-reducing, clean, eco-

friendly and efficient route for the synthesis of Fe3O4/SiO2/Ag nanocubes at room 

temperature conditions without the need to utilize high temperatures, surfactant or toxic 
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chemicals. Thus, sonochemical processing for the production of functionalized nanocubes 

could be attractive for industrial applications. 

 

                 Fig. 5-3 TEM images of (a, b) Fe3O4/SiO2/Ag nanocubes, and (c) the XRD pattern                 

of Fe3O4, Fe3O4/SiO2, and Fe3O4/SiO2/Ag nanocubes 

     The phases and purity of the synthesized samples were investigated using XRD. Fig. 5-3c 

shows the XRD patterns of three samples: Fe3O4, Fe3O4/SiO2, and Fe3O4/SiO2/Ag nanocubes. 

From the figure, all of the diffraction peaks of the crystal planes (220), (311), (222), (400), 

(422), (511), and (440) could be indexed to a cubic inverse spinel for Fe3O4 NCs. The XRD 

pattern of Fe3O4/SiO2 nanocubes exhibited the identical features of pristine Fe3O4. However, 

additional peaks at 2θ= 38° and 64.3° were observed for the core/shell structures of 

Fe3O4/SiO2/Ag nanocubes, which can be indexed to the face-centered–cubic structure of Ag 

[32], confirming the presence of the two phases in the core/shell nanocubes. Fig. 5-4 shows 

the EDS mapping images of Fe3O4/SiO2/Ag core/shell nanocubes indicating the spatial 
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distribution of the iron, oxygen, silicon and silver. Fig. 5-4 (a) shows the TEM image of the 

silver-decorated silica-coated iron oxide nanocubes analyzed in the EDS mapping. Fig. 5-4 

(b) displays the elemental maps of all of the elements together, and Fig. 5-4(c-f) displayed the 

elemental maps of Fe, O, Si, and Ag individually. The elemental mapping results show that 

all elements were well distributed. 

. 

 

Fig. 5-4 EDS mapping analysis of Fe3O4/SiO2/Ag nanocubes. 

      The magnetic hysteresis loops for the prepared Fe3O4, Fe3O4/SiO2, and Fe3O4/SiO2 /Ag 

nanocubes were measured using SQUID at room temperature (Fig. 5-5). The saturation 

magnetization value for the bare magnetite nanocubes at 300 K is 79.5 emu/g, and this value 

decreased for the samples coated with silica to 62.2 emu/g. The deposition of silver on 

Fe3O4/SiO2 nanocubes causes a further decrease in the saturation magnetization value to 25.5 

emu/g. A portion of this decrease in the magnetization value is because of the mass effect of 

silica and silver, and the remaining portion is because of diamagnetic shielding [30]. The 

further decrement in the magnetization value after silver deposition is also ascribed to the 
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slight increase in the mass and size of the composite. The bifunctional nanocomposites still 

displayed a strong magnetization, suggesting their suitability for magnetic separation and 

targeting [43]. Therefore, these particles can be rapidly separated from solution using an 

external magnetic field (inset of Fig. 5-5), achieving reusability.  

 

                       Fig. 5-5 The magnetization curves for Fe3O4, Fe3O4/SiO2 and Fe3O4/SiO2/Ag                     

nanocubes   measured by SQUID at 300 K, and a photograph of Fe3O4/SiO2/Ag                      

nocubes in water in the absence and presence of an external magnet (inset). 

 

     On the other hand, Ag, SiO2, and silver decorated silica (SiO2/Ag) nanoparticles were 

synthesized for the comparison of catalytic properties with Fe3O4/SiO2/Ag nanocubes using 

the same developed approach of sonochemical in short time.  At first, SiO2 nanoparticles with 

size distribution range of 100 nm were synthesized in rapid sonochemical reaction within 30 

min. Fig. 5-6 (a, b) shows TEM images of SiO2 NPs and the particles have spherical 

morphology. The functionalization of SiO2 surface with Ag nanodots was performed in one-

pot sonochemical reaction. The mechanism for obtaining such a core/shell structures of 

SiO2/Ag NPs is mainly attributed to the physical properties of ultrasound and the electrostatic 
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attraction between the different charges of SiO2 and Ag.  Fig. 5-6 (c, d) shows the TEM 

images of the silver decorating silica structures with different resolution. Fig. 5-6(e, f) shows 

HRTEM images of SiO2/Ag NPs, and the lattice spacing calculated from the figure are found 

to be almost 0.26 nm and corresponds to (111) lattice plane of face centered cubic (FCC) 

structure of silver.
  

 

         Fig. 5-6 TEM images of (a, b) SiO2 NPs, (c, d) SiO2/Ag NPs, and (e, f) HRTEM of SiO2/Ag  NPs. 

 

Fig. 5-7 shows the EDS mapping images of SiO2/Ag core/shell nanospheres indicating the 

spatial distribution of the silicon, silver and oxygen. Fig. 5-7 (b) displays the elemental maps 

of all of the elements together in core/shell nanostructure, and Fig. 5-7(c-e) displayed the 

elemental maps of Si, Ag and O separately. The well distributions of the elements are 

observed in elemental mapping images. For synthesis of colloidal Ag nanoparticles, we used 

an eco-friendly one-pot sonochemical reaction, in which the PEG was used as a reducing 

agent as well as stabilizing agent. 
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     Fig. 5-7 EDS mapping analysis of SiO2/Ag nanoparticles. 

 Fig. 5-8 a and b shows TEM images for monodisperse Ag nanoparticles with different 

resolution. The Ag nanoparticles have a uniform size distribution of 15 nm with spherical 

shape. Fig. 5-8 c show HRTEM image of Ag nanoparticles and the interplanar distance 

measured from the adjacent lattice fringes is about 0.26 nm for the face centered cubic (FCC) 

structure of silver.  

 

Fig. 5-8 TEM images of (a, b) Ag nanoparticles and (c) HRTEM of Ag NPs. 
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5.1.4 Catalytic efficiency  

     Fig 5-9 shows the general schematic of reduction reaction of 4-nitroaniline to 4-

phenylenediamine in the presence of the produced Fe3O4/SiO2/Ag nanocubes and NaBH4. 

The produced 4-phenylenediamine as a reduction product of 4-nitroaniline is considered a 

useful and an attractive intermediate in the preparation of polymers, hair dyes, and rubber 

products [44-46]. The catalytic reduction reaction of 4-nitroaniline is easily monitored via 

UV-vis spectroscopy through the decrease in the strong adsorption of the 4-nitroanilinate 

anion at approximately 380 nm.  

 

                      Fig. 5-9 Schematic diagram outlining the reduction reaction of 4-nitroaniline to                     

4-phynylenediamine using Fe3O4/SiO2/Ag nanocubes. 

 

     Before investigating the catalytic efficiency of our synthesized nanocubes, we performed 

an experiment monitoring the reduction of 4-nitroaniline with NaBH4 without using my 

nanoparticles. From the UV figure, a slow decrease in the characteristic absorbance of 4-

nitroaniline at 380 nm even after aging the solution for 1 day occurred. Only approximately 

3% of the compound was reduced (data not shown here), which indicated a kinetic barrier 

prevents the electron transfer from the donor BH4
-
 to the acceptor 4-nitroaniline. The catalytic 
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ability of an equal amount of pristine iron oxide nanocubes was studied. As observed in Fig. 

5-10a, a minimal effect was noted on the change in the absorbance band at 380 nm within 60 

min of reaction time, emphasizing that the Fe3O4 nanocubes do not display a role in the 

catalytic efficiency for the reduction reaction of 4-nitroaniline.       

     However, a significantly decreased absorption intensity for the 4-nitroaniline at 380 nm 

occurred when Fe3O4/SiO2/Ag nanocubes were used as a catalyst material. The dramatic 

decrease in the peak intensity at 380 nm was accompanied by the appearance of two peaks at 

240 and 300 nm, attributed to the formation of 4-phenylenediamine [47]. The reduction 

action occurred via relaying electrons from the donor BH4
-
 to the acceptor 4-nitroaniline after 

the adsorption of both compounds onto the surface of the Fe3O4/SiO2/Ag nanocubes. The 

hydrogen atom, formed from hydride after the electron transfer (ET) to the Ag nanodots, 

attacked and reduced 4-nitroaniline molecules [1, 48]. 

 

Fig. 5-10 UV-visible spectra for the reduction reaction of a 4-nitroaniline compound by (a) 

Fe3O4 nanocubes and (b)  Fe3O4/SiO2/Ag nanocubes obtained at various times. 

     Notably, a complete reduction of 4-nitroaniline using our synthesized Fe3O4/SiO2/Ag 

nanocubes occurred within 200 seconds of starting the reaction. Catalytic activities are 

mainly determined by two key parameters: the availability of active surface area and the 

catalyst active sites on the surface for the electron transfer, removing the kinetic barrier [49]. 
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The superior catalytic properties of our functionalized nanocubes was attributed to the high 

surface activity of the silver nanodots and the high surface area of the cubic shape of 

magnetite compared with various other shapes. The self-assembled aggregated Ag nanodots 

are not fully uniform, displaying a higher number of corner and edge atoms. Additionally, the 

dendritic structure of Ag NPs displays a higher number of edges and corners, potentially 

increasing the catalytic reaction rates [50]. Even though similar behavior of completely 

reduction of 4-nitroaniline to 4- phenylenediamine was observed when both Ag and SiO2/Ag 

nanoparticles are used as a catalyst, the reduction time are 10 and 16 minute, respectively, 

which is longer than Fe3O4/SiO2/Ag nanoparticles (data not shown here). As expected a 

decrease in the peak intensity at 380 nm was observed because of the catalytic activity of 

silver as we explained above.  However, a little longer time needed for the achievement of 

complete reduction of 4-nitroaniline than the time taken in the case of Fe3O4/SiO2/Ag 

nanocubes. The reason for such time difference may be attributed to the presence of Fe
+2

 in 

the Fe3O4 structure, which enhances the production rate of 
.
OH.  

     Therefore, the most important issue for using the produced sample in this type of catalyst 

applications is mainly the ease of recycling multiple times by magnetic separation compared 

with using the silver nanoparticle. Our reusability experiments of Fe3O4/SiO2/Ag nanocubes 

demonstrated that approximately 88 % of 4-nitoaniline was reduced even after a fiften-cycle 

run for the reduction process (Fig 5-11). This result shows that this nanocube catalyst is 

highly stable because of the unique core/shell structure and therefore can be used for repeated 

4-nitroaniline reduction reactions. Additionally, the catalytic activity of several recently 

reported highly active catalysts were compared with our synthesized material. For samples of 

spherical Fe3O4/SiO2/Ag nanoparticles, several groups have succeeded in reducing 4-

nitrophenol (a nitro organic compound) within a reaction time between 10 to 14 min [1, 32, 

and 51] with nearly the identical concentration of materials. Nevertheless, other groups have 
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succeeded in completely converted 4-nitropheneol to 4-aminophenol within 240-300 seconds; 

however, they substituted the silver with expensive gold nanoparticles within the identical 

structure of MNPs/SiO2/Au nanoparticles [52, 53, and 54].
 
By contrast, in this study, I used a 

simple, reliable, economic, eco-friendly and highly efficient sonochemical approach to 

synthesize Fe3O4/SiO2/Ag nanocubes with an excellent catalytic efficacy in a short time. 

 

                        Fig. 5-11 The recycling curves of the catalyst sample (Fe3O4/SiO2/Ag                        

nanocubes for 15 repetitions. 

5.1.5 Conclusion 

     In summary, I have demonstrated a novel sonochemical approach for the facile synthesis 

of Fe3O4/SiO2/Ag nanocubes, silver NPs and SiO2/Ag NPs. The produced Fe3O4/SiO2/Ag 

nanocubes displayed superior catalytic properties than silver NPs and SiO2/Ag NPs for 4-

nitroaniline reductions with recycling properties up to 15 cycles and 88% efficiency. The 

novel multi-layer core/shell nanocubes can be extended to other applications such as 

biomedical detection, energy conversion and storage systems. Further, the developed 

sonochemical approach in this study is expected to be a promising route for the synthesis of 
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various types of core/shell nanostructures of MNPs/SiO2/noble metals because this method is 

facile, reliable, economical and eco-friendly. 

5.2 A novel approach for facile synthesis of iron oxide-gold core-satellite nanocubes 

5.2.1 Introduction 

Iron oxide nanoparticles have been extensively studied for a range of biomedical 

applications, including hyperthermia, drug delivery, biosensors, and magnetic resonance 

image (MRI), because of its excellent magnetic properties and biocompatibility [15-22]. 

Moreover, iron oxide has been proved its excellent activity towards energy as well as catalyst 

applications [23, 42]. Nevertheless, from the real application point of view, the highly stable 

and biocompatible materials are required. Although iron oxide nanoparticles are relatively 

biocompatible, naked iron oxide nanocrystals can contribute to in vitro cytotoxicity as a result 

of reactive oxygen species (ROS) generation [55]. However, a biocompatible inorganic 

surface layer on iron oxide nanoparticles provides a protective shell against oxidation and 

reactive species, enabling facile surface modification for multifunctional medical applications 

[55]. 

     On the other hand, gold (Au) nanoparticle is considered as the best candidate for surface 

functionalization of iron oxide, owing to its exceptional properties of genuine 

biocompatibility [56], noninterference with other labeled biomaterials (e.g. antibody and 

other biomarkers) [57, 58], convenient surface bio-conjugation with molecular probes and 

comparative chemical stability [59], which make it as very promising materials in the field of 

bio-medical applications [60]. Furthermore, gold nanorods are considered as efficient drug 

delivery platform owing to their unique optical and photothermal properties [61, 62]. 

Moreover, because of its active surface atoms, high surface-to-volume ratio, and high surface 

energy properties [63], Au NPs plays an important role in various catalysis reactions, and 
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there are many reported work suggests for synthesis and catalytic applications of gold 

nanoparticles [64-70]. 

      In recent years, the functionalized nanomaterials or the core/shell nanostructures have 

been attracted enormous interest to materials scientists because of their unique 

physiochemical properties and great potential applications in various areas of nanotechnology 

and biotechnology [71]. Hence, the integration of the iron oxide (Fe3O4) nanoparticles as a 

core in the form of cubic shape within its well-known high surface to volume ratio (S/V), and 

then decorating its surface with gold (Au) nanodots will likely create a promising core/shell 

material of Fe3O4/Au nanocomposite for various potential applications. Therefore, many 

groups have put their efforts in synthesizing of this unique nanocomposites structure 

(Fe3O4/Au) using different approaches for various kinds of applications [72-78]. 

     Generally, there are two different strategies have been reported for synthesis of 

FexOy@Au core/shell composite. The first is  by coating a uniform Au layer based on a 

FexOy@Au core/satellite composite, and the second is directly coating an Au layer on a FexOy 

core, with taking into account that the coating of an Au shell is required the reduction of 

HAuCl4 [79]. Jin et al. have succeeded to synthesis of MNP-gold core-shell through coating 

of the core with oleic acid and then functionlized the surface with an amphiphilic polymer of 

PL-PEG-COOH. PLH [80]. Recently, Quaresma et al have achieved to synthesis star-shaped 

magnetite@gold nanoparticles; however, they required the usage of huge amount of 

surfactant and chemicals for the multi-step approach [81], which reflects high cost from the 

industrial application point of view. Thus, the synthesis of Fe3O4@Au nanoparticles with 

good water dispersibility using a facile route with cost-effective approache is still in high 

demand and of great interest. 
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      In this thesis, I developed a facile, reliable and time-reduced novel approach for synthesis 

of Fe3O4/Au core/satellite nanocubes. The magnetite (Fe3O4) nanocubes has been synthesized 

via my previously developed one-pot sonochemical techniques [36]. Then, the Fe3O4 

nanocubes surface has modified with polyvinylpyrolidone (PVP) as templates for nucleation 

of Au and followed by the reduction of HAuCl4 by ammonia onto the surface of Fe3O4 

nanocubes which used as seeds for the coating of the Au shell. The crystalline structure and 

morphology of the synthesized functionalized nanocubes were examined by X-ray 

diffractometry (XRD), Transmission electron microscopy (TEM), Energy dispersive 

spectrometer (EDS) and EDS mapping analysis, and the magnetic properties were measured 

by the superconducting quantum interference device (SQUID). 

5.2.2 Experimental section 

5.2.2.1 Materials 

Iron (II) sulfate heptahydrate (FeSO4.7H2O), chloroauric acid (HAuCL4), 

polyvinylpyrolidone (PVP M.W. 40.000), sodium hydroxide (NaOH), ammonia, and ethyl 

alcohol (C2H5OH) (99 %) were purchased from Sigma-Aldrich, Ltd. All chemicals were of 

analytical reagent grade and used as received without any further purification and the 

synthesis process was carried out under an ambient temperature. 

5.2.2.2 Synthesis of hydrophilic iron oxide (Fe3O4) nanocubes 

     The syntheses of Fe3O4 nanocube were performed based on my reported sonochemical 

method and the details described elsewhere [36, 35] and in chapter 3. After successful 

synthesis, PVP dispersed in distilled H2O were mixed with dispersed solution of Fe3O4 

nanocubes using magnetic stirrer for 30 min to obtain Fe3O4/PVP nanocubes which is to be 

used as seeds for core/shell strutures. 

5.2.2.3 Synthesis of Fe3O4/Au core/satellite nanocubes 
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     For the synthesis of Fe3O4/Au nanocubes, I used the prepared PVP-stabilized Fe3O4 

nanocubes as seed to deposit of Au nanodots on its surface. Typically, I added the prepared 

Fe3O4/PVP nanocubes to a solution containing of ethanol and ammonia, and start the mixing 

process using magnetic stirrer. After that, 0.1 gm of HAuCL4 dispersed in ethanol was added 

drop-wise while stirring the mixture for 2 hours. Then, the solution was washed several times 

using ethanol and water and collected the precipitate of Fe3O4/Au nanocubes using a magnet. 

It was subsequently dried in a vacuum oven to obtain the core/satellite Fe3O4/Au nanocubes. 

   5.2.2.4 Characterization 

 The crystal structures of the synthesized Fe3O4/Au core/satellite nanocubes were analyzed 

by XRD (Regaku D/max-2500) at a voltage of 40 kV, a current of 300 mA and a scanning 

rate of 2 °/min with step size 0.01º. The morphology of the nanocubes was characterized 

using TEM (Tecnai G2 F20 operated at 200 kV). The chemical compositions of nanocubes 

were analyzed by EDS mapping analysis as well as EDS element analysis which is coupled 

with the TEM equipment. The magnetic properties of the synthesized core/satellite nanocubes 

were measured by SQUID with an external magnetic field ranging from –15 kOe to +15 kOe. 

5.23 Results and discussion  

     Unlike the self-assembly approach which required both prepared Fe3O4 NPs and Au NPs 

and multiple assembly steps, in my study, I used a one pot sonochemical method to synthesis 

of Fe3O4 nanocubes, followed by a reduction of HAuCl4 on the surface of Fe3O4 nanocubes 

seeds. Fig. 5-12 schematically outlines the major steps in producing Fe3O4/Au satellite 

nanocubes. To create anchor points for the growth of gold nanodots, a layer of the negatively 

charged PVP is adsorbed onto the outer surface of the sonochemically synthesized Fe3O4 

nanocubes. Indeed, PVP is an amphiphilic, non-ionic polymer used extensively, not only as a 

general surfactant to stabilize various nanoparticles, but also as a capping agent to assist in 
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controlling the size and shape of certain nanoparticles during their synthesis process [83]. 

Further, polyvinylpyrolidone plays a triple role as a capping agent, mediator for Au reduction 

as reducing agent and inducing the formation of sharp tips on the nanoparticles [81, 83]. In 

my previous studies I reported the synthesis of Fe3O4-SiO2 core-shell using similar approach, 

and in contrast to the commonly used approaches, I found that the use of PVP as a surface 

linker acted to decrease the coating process time [36]. Interestingly, the synthesized Fe3O4/Au 

core/satellite nanocubes showed hydrophilic properties and stabilize in water, which is 

contrast with the previously reported work where the Fe3O4/Au nanoparticles are dispersed in 

organic solvent and needed some modifications for phase transfer [84]. 

 

              Fig. 5-12 Schematic diagram illustrating the synthesis process of Fe3O4/Au         

nanocubes 

     The shape and size of the as-synthesized Fe3O4 nanocubes and Fe3O4/Au core/satellite 

nanocubes were shown in Fig.5-13. As revealed from the transmission electron microscopy, 

Fig.5-13 (a) shows the obtained Fe3O4 nanocubes have a mean diameter of 40 nm with 

approximately cubic shape. Fig. 5-13 b shows the TEM images of Fe3O4/Au core/satellite 
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nanocubes. From the figure, it is clear, that the presence of small gold nanodots attached to 

the Fe3O4 nanocubes surface with well dispersed manner to form Fe3O4/Au core/satellite 

nanocubes. In addition, there is no any morphological changes were observed in the 

magnetite nanocubes after deposition of gold nanodots. Furthermore, there is no appearance 

of any separate nucleation of gold nanoparticles, which obviously reflects the key role of 

PVP in the synthesis of such core/satellite nanostructures. In ordered to observe the detail 

structure of the Fe3O4/Au core/satellite nanocubes, we measured high resolution TEM image 

which is shown in Fig. 5-13c. 

 

Fig. 5-13 (a)TEM images of as-prepared Fe3O4 nanocubes (b) Fe3O4/Au core/satellite 

nanocubes (c) High resolution image of Fe3O4/Au core/satellite  

 

     Fig 5-14 shows the EDS mapping images of Fe3O4/Au core/satellite nanocubes, which 

confirming the spatial distribution of elements Iron, Oxygen, and gold. Fig.5-14 (a) shows the 

TEM image of gold decorated iron oxide nanocubes which are to be analyzed for EDS 

mapping. Fig. 5-14b shows the EDS mapping analysis of Fe3O4/Au core/satellite nanocubes 

and Fig. 5-14 (c-e) reveals the elemental maps of Fe, O, and Au nanoparticles. The elemental 

mapping results of EDS clearly show the well distribution of all elements in the core/satellite 

structures.  
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Fig. 5-14 EDS mapping analysis of Fe3O4/Au nanocubes; (a) TEM image of Fe3O4/Au   

core/satellite nanocubes to be analyzed for mapping  (b) EDS mapping image (c) map of  Fe 

concentration (d) map of O concentration (e) map of Au concentration 

 The nominal elemental composition of Fe3O4 nanocubes and Fe3O4/Au core/satellite 

nanocubes was shown in Fig.5-15. From the figure, it is clear that the EDS spectrum for 

Fe3O4 contains only iron and oxygen elements; however, the presence of iron, oxygen and 

gold in core/satellite spectrum confirms that the synthesized core/satellite nanostructure is 

composed of Fe3O4/Au, with no presence of further impurity elements. 

 

       Fig. 5-15 EDS elemental analysis of Fe3O4 and Fe3O4/Au nanocubes. 
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          Fig. 5-16 shows the X-ray diffraction patterns for Fe3O4 nanocubes and Fe3O4/Au 

core/satellite nanocubes. The diffraction peaks of the Fe3O4 nanocubes are corresponding to 

the crystal planes of (220), (311), (400), (422), (511), and (440), respectively, which indicate 

the formation of fully crystalline iron oxide with a cubic inverse spinel structure (Fig. 5-16a). 

However, for Fe3O4 /Au core/satellite nanocubes, there are an additional peaks at 38.1º, 44.3º, 

64.5º, and 77.4 º could be referred to the (111), (200), (220), and (311) planes of face 

centered cubic (fcc) Au, respectively(Fig. 5-16b) [85]. Thus, the presence of all the peaks 

mentioned above confirms the successful formation of the Fe3O4/Au nanocubes. 

 

                        Fig. 5-16 XRD pattern of Fe3O4, and Fe3O4/Au nanocubes. 

     The magnetic properties of the produced Fe3O4 nanocubes and Fe3O4 /Au core/satellite 

nanocubes were investigated using SQUID. Fig. 5-17 shows a hysteresis loop of typical 

Fe3O4 and Fe3O4 /Au core/satellite nanocubes in the range of –15 kOe to +15 kOe at room 

temperature. The saturation magnetization (Ms) value for Fe3O4 nanocubes is 79.5 emu/g and 

it dramatically decreased to be 22 emu/g after the coating of gold on the surface of Fe3O4 

nanocubes. The large decrement in the magnetization value is may be attributed to the 

presence of non-magnetic material of gold in terms of mass and volume in the sample. The 
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as-synthesized Fe3O4/Au core/satellite nanocubes sample can be easily separated from the 

reaction solution by just applying a permanent magnet, and consequently the produced 

nanocubes sample could be a promising material for various applications including catalyst 

and biomedicine.  

 

 Fig. 5-17 The magnetization curves for Fe3O4 and Fe3O4/Au nanocubes                                

measured by SQUID at 300 K. 

 5.2.4. Conclusion 

     In summary, I have demonstrated a novel approach for synthesis of Fe3O4/Au 

core/satellite nanocubes. In contrast to the previous reports in which gold shells are deposited 

directly on MNPs or MNPs-SiO2 core-shell, the core and shell in this structures are spatially 

separated with PVP polymer layer. The transmission electron microscopy revealed that small 

Au nanodots of about 2 nm decorated on the surface of Fe3O4 nanocubes. X-ray diffraction 

data was used to confirm the formation of both the phases of a cubic inverse spinel structure 

for Fe3O4 and bcc structures for Au in the core/satellite structure of Fe3O4/Au nanocubes. The 

developed synthesis approach for the core/satellite structure reported in this paper could be a 

promising method in future for depositing of various noble metals on the surface of magnetic 

nanoparticles. The synthesized Fe3O4/Au core/satellite nanocubes could be useful for various 

bio-medical and industrial applications. 
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CHAPTER- 6 

Shape and size controlled synthesis of different magnetic oxide 

nanoparticles 

     This chapter focuses on the possibility for control of shape, size and composition of 

magnetic nanoparticles using the developed sonochemical approach. Various magnetic oxide 

nanoparticles of Co-Fe2O4, NiZn-Fe2O4, and MnZn-Fe2O4 were synthesized in one-pot 

sonochemical method with different size and shape. The proposed sonochemical reaction 

mechanism for the synthesis of these ferrite NPs was discussed. The overall studies 

demonstrated that the sonochemical method is facile, reliable, rapid and very attractive for 

the aqueous synthesis of highly crystalline and high magnetic moment magnetic NPs. 

6.1. Introduction 

     The ferrite nanoparticles such as cobalt ferrite (Co-Fe2O4), nickel zinc ferrite (NiZn-

Fe2O4), and manganese zinc ferrite (MnZn-Fe2O4) nanoparticles in comparison to their bulk 

counterpart’s exhibit unique physiochemical properties such as high chemical stability, 

enhanced magnetic properties, high electrical resistivity, low eddy-current losses etc. As a 

result, they find themselves as suitable magnetic materials for various kinds of applications in 

the areas of consumer electronics, electromagnetic interference (EMI) suppression, data 

storage [1], catalyst [2],  and also in biomedical applications like targeted drug delivery, 

hyperthermia and as contrast agents in magnetic resonance imaging (MRI) [3, 4, 5]. 

     Recently, with the advent of several wet chemical methods for the synthesis of 

nanoparticles, many groups have worked to synthesize CoFe2O4, NiZn-Fe2O4, and  MnZn-

Fe2O4 nanoparticles using different methods such hydrothermal [6], polyol [2], seed-mediated 

growth [7], ultrasonically assisted hydrothermal [8], coprecipitation [9], and thermal 
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decomposition method [10]. Although all these methods are effective in synthesizing ferrite 

nanoparticles with small size and good magnetic properties, each one of them is however 

constrained with certain limitations, such as consumption of much amount of surfactant, long 

synthesis time, and deoxygenated protection in addition to using the annealing system to 

obtain crystalline phase of nanoparticles. Also, some of these methods may even suffer from 

aggregation of the particles. Besides, toxic gases like carbon monoxide might be emitting in 

case of thermal decomposition. 

     However, the sonochemical method is considered as one of the most promising techniques 

for synthesis of NPs, where the sonochemistry arises from acoustic cavitation phenomenon, 

that is, the formation, growth, and collapse of bubbles in liquid medium [11]. Furthermore, 

the extremely high temperature of about 5000 K, high pressure (~20 MPa), and very high 

cooling rate (~1010 K/s) are supposed to come from the collapse of the bubbles, and thus can 

obtain extreme reaction conditions which lead to many unique properties of the synthesized 

particles in sonochemistry [12]. Moreover, the advantages of the sonochemical approach over 

conventional methods in the synthesis of metal oxide NPs, including more uniform size 

distributions, a higher surface area, faster reaction time, and improved phase purity, have 

been recognized by many research groups [13]. 

     Herein, I successfully synthesized highly crystalline, high magnetization monodisperse 

CoFe2O4, Ni ZnFe2O4, and MnZnFe2O4 NPs with different compositions, shape and sizes in 

one-step surfactantless sonochemical process. Furthermore, the synthesis time used in my 

experiment is only 70 min, and that too is worked out without the need for any subsequent 

annealing. The crystalline structure, morphology, size and shape of the produced ferrite 

nanoparticles were examined using X-ray diffractometry (XRD), transmission electron 

microscopy (TEM), energy dispersive spectrometry (EDS), Fourier transform infrared 
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spectroscopy (FTIR), and the magnetic properties were measured by a vibrating sample 

magnetometer (VSM) at room temperature. 

6.2 Experimental section 

6.2.1 Materials  

     Iron (II) sulfate heptahydrate (FeSO4.7H2O), iron chloride tetrahydrate (FeCl2.4H2O), 

cobalt sulphate heptahydrate (CoSO4.7H2O), manganese chloride tetrahydrate (MnCl2.4H2O), 

nickel chloride (NiCl2), zinc chloride (ZnCl2), polyvinylpyrolidone (PVP),  sodium hydroxide 

(NaOH), and ethyl alcohol (C2H5OH) (99 %) were purchased from Sigma-Aldrish Co, Ltd. 

All the obtained chemicals were of analytical reagent grade and were used as received 

without any further purification, and the synthesis process was carried out under an ambient 

temperature. 

6.2.2 Synthesis of Co-Fe2O4 nanoparticles  

     The synthesis of cobalt ferrite nanoparticles (CoFe2O4 NPs) were performed based on my 

previously developed method [14] with a small modification by using different solvent 

media. In a typical synthesis, 8 mM FeSO4.7H2O and 4 mM CoSO4.7H2O was dissolved in 

suitable amount of distilled water (aqueous medium) for 10 minutes using magnetic stirrer, 

and then sonicated using an ultrasonic processor for 70 minutes. 3M NaOH was injected in 

the reaction after 15 minutes of starting ultrasonication. Finally, the obtained mixture was 

washed and sonicated (using cleaner SH-3400) for five times in water and ethanol while 

collecting the precipitate using a magnet. It was subsequently dried in a vacuum oven to 

obtain CoFe2O4 NPs (herein after referred to as S1). The same procedure was adopted twice 

again to obtain CoFe2O4 NPs by changing the solvent medium to ethanol (in this case, the 

sample is referred to as S2), and to a mixed solution of water/ethanol in 1:1 volume ratio 

(here, it is referred to as S3) in place of distilled water. Further, in order to understand the 
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role of a stabilizing agent in the synthesis of CoFe2O4 NPs, we also added 1 gm of 

polyvinylpyrolidone (PVP) to the aqueous medium as an additive, and this sample is herein 

after referred to as S4. 

6.2.3 Synthesis of NiZn-Fe2O4 nanoparticles 

     Ni-Zn ferrite nanoparticles of different compositions were also synthesized in one-pot 

sonochemical method based on my previous study [14, 15]. For a typical sonochemical 

synthesis of Ni0.5Zn0.5Fe2O4 NPs in this case, 12 mM FeCl2.4H2O, 3 mM of NiCl2 and 3 mM 

ZnCl2 were first dissolved in 90 mL distilled water for 10 minutes using magnetic stirrer, and 

then sonicated using an ultrasonic processor for 75 min. 3M NaOH was injected in the 

reaction after 15 minutes from the start of ultrasonication. Finally, the obtained mixture was 

washed and sonicated (using cleaner SH-3400) for five times in water and ethanol before 

collecting the precipitate using a magnet, and then dried in a vacuum evaporator. Once again, 

the same procedure was employed for the synthesis of other compositions, Ni0.2Zn0.8Fe2O4 

and Ni0.8Zn0.2Fe2O4, too but with changes only in the molar ratios of nickel, zinc and iron 

precursors. 

6.2.4 Synthesis of MnZn-Fe2O4 nanoparticles 

     The synthesis of Mn-Zn ferrite nanoparticles were carried out based on my previous 

sonochemical method [14, 15]. In a typical synthesis of Mn0.5Zn0.5Fe2O4, 12 mM 

FeCl2.4H2O, 3 mM MnCl2 and 3 mM ZnCl2 were dissolved in distilled water, and then 

sonicated using an ultrasonic processor for 75 min. NaOH was injected into the reaction 

chamber after starting ultrasonication, and the color changed from greenish to black within a 

short time. Finally, the obtained mixture was washed and sonicated (using cleaner SH-3400) 

for five times in water and ethanol while collecting the precipitate using a magnet, and then 

dried in a vacuum evaporator. Same synthesis procedure was adopted for other compositions, 

(Mn0.2 Zn0.8 Fe2O4 and Mn0.8 Zn0.2 Fe2O4 nanoparticles) with little change in the molar ratios 
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of the three different precursors of manganese, zinc and iron. The ultrasonic processor (Vibra 

Cell-VCF 1500, Sonics and Materials) with a maximum power of 1500W was used in this 

experiment. The sonoreactor was equipped with a titanium horn having 5 cm
2
 of irradiating 

surface area, and a piezoelectric transducer supplied by a 20 kHz generator immersed below 

the surface of the sonicated liquid. 

6.2.5 Characterization 

      The crystal structures of the synthesized ferrite NPs were analyzed by X-ray powder 

diffraction technique (XRD, Rigaku D/max-2500 at a voltage of 40 kV, a current of 300 mA 

and a scanning rate of 2 °/min with a step size of 0.01º). The size and morphology of the 

nanoparticles were characterized using transmission electron microscopy (TEM, The Tecnai 

G2 F20 operated at 200 kV). The chemical composition was analyzed by the energy 

dispersive X-ray spectrometer (EDS) embedded on the TEM. Fourier transform infrared 

(FTIR) spectroscopic data was taken in the range from 4000-400 cm
-1

. The magnetic 

properties of the synthesized nanoparticles were measured by vibrating sample magnetometer 

(VSM, Lake Share 7400) with an external magnetic field ranging from –15 kOe to +15 kOe. 

6.3 Results and discussion  

6.3.1 Shape and size controlled synthesis and characterization of CoFe2O4 NPs 

6.3.1.1 Structure characterization of CoFe2O4 nanoparticles 

   The X-ray diffraction patterns of cobalt ferrite NPs synthesized in aqueous medium (S1), 

alcohol (S2) and mixed solution of water/ethanol in 1:1 ratio (S3) are shown in Fig. 6-1. It is 

found that all the peaks in the three patterns could be indexed to a cubic inverse spinel 

structure of CoFe2O4 NPs, which are consistent with the standard data for ferrite phase 

(JCPDS card no.00-019-0629). Further, no peaks were detected in the patterns for any 

impurities which indicate the synthesis process produces high purity cobalt ferrite 

nanoparticles in a single reaction. Besides, the strong and sharp intensity peaks in case of (S1, 
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S3) samples compared to the peak intensities of (S2) sample imply that the use of either the 

aqueous medium alone or a mix of water/ethanol medium produces higher crystallinity of the 

CoFe2O4 NPs than that of alcohol medium only. In addition, since the crystallite size is 

inversely proportional to the full width at half maximum (FWHM), the sharper peaks and 

corresponding smaller peak broadenings of the sample (S3) compared to the FWHMs of (S1 

and S2) resulted in larger crystallite size for that sample.  

 

                             Fig. 6-1 X-ray diffraction of CoFe2O4 NPs synthesized in (a) Alcohol                           

medium, (b) Aqueous medium, and (c) mixed medium of water and alcohol 

 

6.3.1.2 Morphology characterization of CoFe2O4 nanoparticles 

   The work presented here is based on the modified ultrasonics sonochemistry technique 

which was previously reported by our group for the synthesis of uniform magnetite nanocube 

[14]. In this method, the chemical reaction was driven by intense ultrasonic waves which are 

strong enough to produce cavitation while causing oxidation, reduction, dissolution, 

decomposition and hydrolysis [16-19]. Furthermore, the free radicals of H
.
 and OH

.
, which 

could be generated from the ultrasonic irradiation of aqueous liquids [20], are combined to 

produce H2 and H2O2, and these resultant strong oxidants and reductants in turn are utilized 

for the synthesis of NPs [13]. Thus, the proposed mechanism for formation of CoFe2O4 NPs 
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will be as follows: At first, the two precursors of metals (FeSO4.7H2O and CoSO4.7H2O) I 

used in the experiment for iron and cobalt, respectively, decompose as a result of these 

unusual extreme conditions to form the divalent cations of Fe
+2 

and Co
+2 

(Eq. 1- 4). Then, the 

H2O2, which was generated as a consequence of combining the two radicals of H
.
 and OH

.
, is 

suggested to initiate the oxidation of both the divalent cations of Fe
+2 

and Co
+2 

to form Fe
+3 

(Eq. 2) and cobalt oxide (Eq. 5), respectively. And finally, both of these products recombine 

under the influence of ultrasound to form the final structure of cobalt ferrite (CoFe2O4) 

nanoparticles (Eq. 6). 

FeSO4 (s) → Fe
2+

(aq) + (SO4)
2 -

(aq) (1) 

2 Fe
2+

 + H2O2 → 2 Fe
3+

 + 2OH 
- 

(2) 

Fe 
2+

 +2Fe
3+

 +8 OH 
-
→Fe3O4 + 4H2O        (3) 

CoSO4 (s) → Co
2+

(aq) + (SO4)
 2-

(aq)     (4) 

Co
2+

+H2O2→CoO+ H2O    (5) 

Fe3O4+ CoO → CoFe2O4    (6) 

 

   Fig. 6-2. TEM images of cobalt ferrite (CoFe2O4) NPs synthesized in aqueous medium (S1). 

     The shapes and sizes of the as-prepared cobalt ferrite nanoparticles synthesized by 

sonochemical reaction with different solvents used in our experiment are shown in Figs. (6-2, 



143 

 

6-3, and 6-4) observed by transmission electron microscopy (TEM). It is apparent that 

different shapes and sizes of CoFe2O4 NPs are formed according to the solvent used. Fig. 6-2 

a, b shows the well resolved TEM images of CoFe2O4 NPs synthesized in aqueous medium 

with nearly uniform sizes in spherical shape, and the nanoparticles also appear monodisperse 

with good crystalline structure which agree well with the XRD results discussed earlier. The 

average size of the particles estimated from the images is about 100 nm with a narrow size 

distribution. When ethanol is used as solvent, a dramatic decrease in the particle size is 

obtained to be in the range of 20 nm with evolution of shape from spherical to cubic (Fig. 6-3 

a, b and c). The reason for such a difference in shape and size of the particles obtained, when 

we used water and ethanol medium separately as a solvent medium in our reaction, could be 

due to the high reducing properties of ethanol with respect to water, where the ethanol 

molecules were probably adsorbed onto the crystal surfaces and thus limit the growth rate, 

thus leading to a decrease in the particle size and a change in particle shape. Similar results of 

decreasing the particle size while using ethanol as solvent medium in sonochemical reaction 

have been reported in the study of magnetite (Fe3O4) nanoparticles [12].  

 

Fig. 6-3. TEM images of cobalt ferrite (CoFe2O4) NPs synthesized in alcoholic medium (S2). 

      On the other hand, when I used a mixed solution of water and ethanol as a reaction 

solvent, a very highly crystalline and monodisperse structure of cobalt ferrite nanoparticles 
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were resulted (Fig. 6-4). Furthermore, the particles obtained in this case have a uniform 

sphere shape distribution with an average particle size of 110 nm. The improvements in 

crystalline structure and monodispersity of the synthesized CoFe2O4 NPs in case of using 

mixture of water and ethanol solution as solvent media may be attributed to an increased rate 

of oxidation of Fe
2+

 and consequently an acceleration rate of formation of nanoparticles. 

Enomoto and coworkers reported the same results in the sonochemical synthesis of ferrite 

NPs with an increased reaction rate when they used a mixture of water and ethanol rather 

than using only aqueous medium [12]. 

 

     Fig. 6-4. TEM images of cobalt ferrite (CoFe2O4) NPs synthesized in a mixed solution of 

Water/Ethanol in 1:1 volume ratio (S3). 

     In order to study the effect of capping agent in the synthesis process of cobalt ferrite 

nanoparticles by the sonochemical technique, I added one gram of polyvinylpyrolidone 

(PVP) to the aqueous solution prior to the reduction process with sodium hydroxide as a 

stabilizing polymer. Choosing the PVP as a capping agent in our study is based on its 

hydrophilic properties and consequently the possibility for its solubility in the aqueous 

medium. Fig. 6-5 (a, b) shows the TEM images of the cobalt ferrite nanoparticles obtained 

after using the PVP. The average size of the particles was dramatically decreased from 100 

nm in case of using only aqueous medium to be in the range of 20-40 nm when PVP was 

added. Such a decrease in size in this case may perhaps be attributed to the addition of a large 

quantity of PVP (one gram in our case) to the mixture which greatly diminishes the Ostwald 
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ripening process because the additional PVP present in the solution caps many of the free 

metallic surface sites in the nanoparticles. Consequently, since there are available only a 

fewer sites for the Ostwald ripening process, the nanoparticles do not increase in size [21]. 

 

Fig. 6-5 TEM images of cobalt ferrite (CoFe2O4) NPs synthesized by adding 1 gm of PVP to   

the  aqueous solution, Fig. 6-5 EDS patterns of cobalt ferrite NPs synthesized by 

sonochemical method in aqueous medium (S1), alcohol medium (S2), and Water: Ethanol 

(1:1) (S3). 

     The composition of as-synthesized CoFe2O4 NPs was confirmed by EDS analysis for 

different samples. Fig. 6-5c reveals that there are mainly three elements of Fe, Co and O only 

present in the sample with desired ratios and thus indicates that the composite is CoFe2O4 

NPs in the three samples. However, the obtained Cu and C peaks in the spectra are due to 

carbon copper grid employed in the measurements. 

6.3.1.3 Magnetic Properties of CoFe2O4 nanoparticles 

     The magnetic properties of the samples of CoFe2O4 NPs (S1, S2, S3 and S4) were 

measured at room temperature using VSM in an external magnetic field ranging from –

13kOe to + 13kOe, as shown in Fig. 6-6. It can be seen from the loops that the applied field is 

not enough to obtain saturation of magnetization for any of the samples. However, saturation 

magnetizations for all these samples were calculated by using the linear fits of M versus 1/H 

curves as 77.01, 37.78, 92.57 and 75.81 emu/g for S1, S2, S3 and S4 samples respectively, 

and the same were shown in the inset of Fig.6-6 for different samples. On the other hand, the 
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maximum magnetizations were estimated from the loops for the four samples (S1, S2, S3 and 

S4) as 71, 33.8, 87 and 70.5 emu/g, respectively. 

 

                        Fig. 6-6 Magnetization curves of CoFe2O4 NPs synthesized in aqueous 

medium  (S1), alcohol medium (S2), mixed solution of Water: Ethanol (1:1) 

(S3), and PVP added to the aqueous solution (S4). The inset represents the 

calculated values of saturation magnetization for the four samples using M 

versus 1/H linear fitting curves. 

 

     Indeed, the magnetization values of S1 and S4 are close to the theoretical value of bulk 

cobalt ferrite (CoFe2O4) of 73 emu/g [22] and that of S3 sample is even higher than the 

theoretical bulk value. This higher value may be ascribed to the larger particle size with 

negligible surface spin disorder. This argument is well supported by the higher degree of the 

crystallinity of these synthesized CoFe2O4 NPs, as observed through their corresponding 

XRD patterns, resulting in negligible surface spin canting and thus justifying the higher 

values of magnetization [23, 24]. At the same time, the dramatic decrease in the 

magnetization value of the sample synthesized in alcohol medium (S2) is mainly attributed to 

its small particle size and poor crystallinity since it is well known that the magnetization 

value is very much sensitive to the size and crystallinity of the particles. Further, decrease in 

the particle size leads to an increase in surface to volume ratio [25], which in turn causes 
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more surface spin disorder [26], and consequently a significant reduction in the 

magnetization value obtained.  

 

           Fig. 6-7 Magnified view of the curves near low magnetic field and corresponding 

coercivities  of different samples. 

 

     Fig. 6-7 shows a magnified view of the curves near low magnetic field to make the 

coercivity value more clear for different samples of synthesized CoFe2O4 NPs, and the inset 

represents the values of coercivity for the same samples (732, 328, 807 and 1610 Oe for S1, 

S2, S3 and S4 samples, respectively). The samples which used aqueous medium in full or 

part exhibit similar values of coercivity at 732 Oe (S1) and 807 Oe (S3), whereas the PVP 

added sample (S4) displays maximum value of coercivity at 1610 Oe. Interestingly, rather 

low value of coercivity is obtained for S2 sample at 328 Oe. The reason for such a huge 

difference in the coercivity value among different samples may be ascribed to surface pinning 

that arises due to missing coordination of oxygen atoms and the shape effect of the 

nanaoparticles. Unlike the curved topography in spherical CoFe2O4 NPs which display larger 

coercivities, the cubic CoFe2O4 MNPs are hypothesized to fewer missing oxygen atoms and 

less surface pinning, resulting in lower coercivity for the cubic structures [27]. Song et al. 

reported similar results of variations in coercivity with shape structure from sphere to cube 

[28]. Thus, it may be pointed out that the shape effect plays an important role in determining 

the coercivity similar to the size effect on the magnetization value of these nanoparticles. 
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Table. 6-1 A comparison of CoFe2O4 NPs properties synthesized by our sonochemical method and  

different methods by other groups.   

 

     Nevertheless, in order to emphasize the advantages of our sonochemical synthesis method, 

an attempt has been made by comparing the properties of our cobalt ferrite nanoparticles with 

the same materials prepared by other methods. Table. 6-1 shows a comparison of CoFe2O4 

NPs properties synthesized by our sonochemical method and other different methods. Saso 

Gyergyek et al. and Mazario et al. synthesized CoFe2O4 NPs using chemical and 

electrochemical methods to obtain high magnetization value of 57 and 85 emu/g, respectively 

[29, 30]. In other studies, Goh et al. and Girgis et al. and Sajjia et al. prepared CoFe2O4 NPs 

using hydrothermal and sol-gel method and the reported value of magnetization of their 

nanoparticles were 79 and 62 emu/g, respectively [6, 31, 32].Though these studies were 

successful in synthesizing CoFe2O4 NPs with good magnetic properties, most of these 

nanoparticles suffer from the aggregation and are not well crystalline to be promising for 

various applications. Moreover, most of the research groups mentioned above used much 

amount of surfactant in their experiments and consequently involve high costs in their 

execution. Some of the studies even used calcination process at a higher temperature to 

improve crystallinity of their samples. In contrast, we used a facile sonochemical route 

without the need for using any kind of surfactant or subsequent calcination process to obtain 

highly crystalline CoFe2O4 NPs with high magnetization value of 92.5 emu/g within only 60 

minutes of the reaction time; thus making our method highly feasible and attractive for 
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synthesizing monodisperse nanoparticles with good magnetic properties suitable for 

bioapplications. 

6.3.2. Synthesis and characterization of Ni Zn-Fe2O4 nanoparticles  

6.3.2.1 Structural characterization  

     The X-ray diffraction patterns of the three different compositions of Ni Zn ferrite NPs 

synthesized by sonochemical method are shown in Fig. 6-8a. The XRD peaks of the samples 

can be indexed with those of the (Ni.Zn)Fe2O4 (JCPDS card 08-0234) at 30.1°, 35.4°, 37.0°, 

43.0°, 53.3°, 56.9°, and 62.5° which corresponding to the crystal planes of (220), (311), 

(222), (400), (422), (511), and (440), respectively. These peaks were indicative of single 

phase spinel crystal structure. From the figure, the samples showed high crystallites with 

sharp edges. Also, it was observed from the figure that the composition of equal amounts of 

zinc and nickel (Ni0.5Zn0.5Fe2O4) in both the methods displayed the highest intensity value 

among the three compositions. It could perhaps be due to balanced cation distribution in 

spinel lattice for the nickel and zinc concentrations in Ni0.5Zn0.5Fe2O4 composition resulting 

in higher degree of crystallinity in the structure, which may have a significant effect on the 

magnetic properties as will be discussed a little later in this work.  

      The crystallite size of the Ni Zn ferrite nanoparticles were calculated from the XRD 

pattern using Debye-Scherrer formula D= K/ cos                                                         (1) 

where  is the X-ray wavelength (1.540562 Å),  is the full width at half maximum 

(FWHM),  is the Bragg angle for the studied peak/ring, and K is the shape factor which is 

normally taken as 0.9 for ferrites [33]. Since the high intensity (311) peak is overlapping with 

(222) peak for some samples, we applied the above Debye-Scherrer formula to the best fitting 

(400) XRD peak and estimated the crystallite size for each sample. It may however be 

mentioned here that the peak broadening contributions due to instrument (slit size, 
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penetration in the sample and imperfect focusing) for these wet chemical synthesized 

materials are considered to be very small and ranging within the uncertainties mentioned. The 

ferrite nanoparticles synthesized by sonochemical method showed much difference in their 

respective sizes, while the crystallite sizes by Scherrer formulae being smaller compared to 

the particle sizes by TEM images. The reason for such a difference in size may be attributed 

to the inhomogeneous strain and instrumental effects [34] which may contribute to the width 

of the diffraction peak apart from the crystallites resulting in smaller value for the estimations 

using Scherrer equation. 

 

    Fig. 6-8 (a) XRD patterns of Ni-Zn ferrite NPs with different compositions, 

Ni0.2Zn0.8Fe2O4,Ni0.5Zn0.5Fe2O4 and Ni0.8Zn0.2Fe2O4, synthesized by sonochemical 

(designated as 1S, 2S and 3S, respectively) methods, and (b) Fig. 3 EDS pattern of Ni-Zn 

ferrite NPs, showing the presence of Fe, O, Ni, and  Zn elements in the ferrite NPs (Cu and 

C peaks are due to carbon copper grid). 

     Fig. 6-8b shows the typical EDS spectrum of the as-prepared ferrite nanoparticles. There 

are only four elements of iron, oxygen, nickel, and zinc in the sample are observed. The 

observed Cu and C peaks in the spectrum were due to carbon copper grid employed in the 

measurements. It may be inferred from the obtained peaks and their corresponding intensities 

that the synthesized sample was composed of Ni-Zn Fe2O4 as intended. 
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6.3.2.2 Morphology characterization of NiZn-Fe2O4 NPs  

     The chemical reaction driven by intense ultrasonic waves, which are strong enough to 

produce cavitation, causes oxidation, reduction, dissolution, decomposition and hydrolysis 

[35, 17-19]. Furthermore, as shown in the previous works [12, 14, 20], the extreme 

conditions, such as high temperatures of about 5000 K, high pressures of about 20 MPa and 

very high cooling rates of about 10
10

 K/s, prevailed by the ultrasonic irradiation in aqueous 

liquids generates free radicals of H
.
 and OH

.
. These radicals can recombine to return their 

original form or combine to produce H2 and H2O2, and the resultant strong oxidants and 

reductants in turn are utilized during various sonochemical reactions in aqueous solutions 

[13]. So, these extreme conditions are enough for decomposition of the precursors, FeCl2. 

4H2O, NiCl2, and ZnCl2, we used in our experiment to form the divalent cations. And, the 

strong oxidant H2O2 thus generated is suggested to initiate the oxidation of these divalent 

cation elements to form Fe
3+

, zinc oxide, and nickel oxide, and then recombine to the final 

form of Ni-Zn ferrite nanoparticles. 

 

Fig. 6-9 TEM images of Ni-Zn ferrite NPs synthesized by sonochemical methods with 

different compositions, (a, b) Ni0.2Zn0.8Fe2O4, (c, d) Ni0.5Zn0.5Fe2O4 and (e, f) Ni0.8Zn0.2Fe2O4, 

respectively. 
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     The shapes and sizes of different compositions of Ni-Zn ferrite nanoparticles synthesized 

by the sonochemical technique are shown in Figs. 6-9(a-f). For all the three different 

compositions of the samples, the ferrite NPs appear well dispersed with very high crystalline 

structures and uniform size distributions. It can be seen from Figs. 6-9 (a& b) that the low 

nickel content sample (Ni0.2Zn0.8Fe2O4) forms particles with cubic shape and with average 

size distribution of 50 nm. With the increase in nickel content, both the cubic and spherical 

shapes were obtained for the composition of equal amounts of nickel and zinc 

(Ni0.5Zn0.5Fe2O4) with little decrease in the size distribution (Fig. 6-9(c&d)). Further increase 

in nickel content (Ni0.8Zn0.2Fe2O4) resulted in formation of more spherical shapes of 

nanoparticles with little increase in the size range to be nearly 45 nm (Fig. 6-9(e&f)). Fig. 6-

10 shows the high-resolution TEM (HRTEM) of the Ni Zn Fe2O4 nanoparticles synthesized 

by sonochemical techniques which reveals a highly crystalline structure. Interestingly, it can 

be inferred from the above and also from our previous work [14] that the sonochemical 

method is effective in producing highly crystalline and monodisperse ferrite NPs with 

uniform shapes and size distributions. It is believed that the sonochemical technique 

facilitates dispensing the use of surfactants and protection conditions to get high quality 

nanoparticles in an aqueous medium in a single reaction and in a short time interval of 75 

min.   

 

Fig. 6-10 HRTEM images of Ni-Zn ferrite NPs synthesized by sonochemical methods. 
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6.3.2.3 FT-IR studies of NiZn-Fe2O4 NPs 

FTIR spectra for all the samples synthesized by sonochemical methods are shown in 

Figs. 6-11. From the figure, there exists a large peak around 542 cm
-1 

which is attributed to 

the vibration band of tetrahedral Fe-O functional group characteristic of the spinel ferrite 

[24]. 

 

Fig. 6-11 FTIR spectra of Ni-Zn ferrite NPs (designated as Ni2Zn8, Ni5Zn5 and Ni8Zn2 for 

Ni0.2Zn0.8Fe2O4, Ni0.5Zn0.5Fe2O4 and Ni0.8Zn0.2Fe2O4, respectively) synthesized by 

sonochemical method. 

 

6.3.2.4 Magnetic properties of NiZn-Fe2O4 NPs 

     The room temperature hysteresis loops of Ni-Zn ferrite NPs synthesized by sonochemical 

methods in the magnetic field range of ±13 kOe were measured using vibrating sample 

magnetometer and shown in Figs. 6-12. The magnetization values of 52.39, 64.5 and 50.3 

emu/g were observed for the three different compositions of Ni0.2Zn0.8Fe2O4, Ni0.5Zn0.5Fe2O4 

and Ni0.8Zn0.2Fe2O4 NPs, respectively. The saturation magnetizations of the samples 

increasing from the composition with low nickel content to reach the maximum value in the 
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composition with equal nickel and zinc contents, and then decrease again with further 

increase in the nickel. Similar results of increased magnetization values for the samples with 

equal amounts of nickel and zinc in Ni-Zn ferrites have been reported [36, 37]. The smaller 

value of magnetization, being the difference between B- and A-sublattice magnetizations, for 

the composition with high nickel or low zinc content may be attributed to its stronger A-

sublattice contribution as more Fe-ions are expected to be in A-sites for this sample [38].  

 

Fig. 6-12 Magnetization curves of Ni-Zn ferrite NPs (designated as Ni2Zn8,Ni5Zn5 and 

Ni8Zn2 for Ni0.2Zn0.8Fe2O4, Ni0.5Zn0.5Fe2O4 and Ni0.8Zn0.2Fe2O4, respectively) synthesized by 

(a) polyol and (b) sonochemical methods. 

     The ferrite samples synthesized by sonochemical method showed relatively higher 

coercivity values. Moreover, the coercivity of the sonochemical samples increased linearly 

with zinc content and inversely with particle size to obtain the values of 36, 39.8, and 77.5 Oe 

for Ni0.2Zn0.8Fe2O4, Ni0.5Zn0.5Fe2O4, and Ni0.8Zn0.2Fe2O4 samples, respectively. Variations of 

the coercivity field with particle size of Ni-Zn ferrite nanoparticles may be understood on the 

basis of domain structure, critical size, and the crystalline anisotropy [39-42].   
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6.3.3. Synthesis and characterization of MnZn-Fe2O4 nanoparticles 

6.3.3.1 Structure characterization of MnZn-Fe2O4 NPs 

 

     Fig. 6-13 shows the X-ray diffraction patterns of the three different compositions of MnZn 

Fe2O4 NPs synthesized by sonochemical (S1, S2, and S3) method. The XRD peaks of the 

samples can be prominently indexed at 30.1°, 35.4°, 37.0°, 43.0°, 53.3°, 56.9°, and 62.5° 

which correspond to the major crystal planes of (220), (311), (222), (400), (422), (511), and 

(440), respectively. These peaks were indicative of single phase spinel crystal structure. 

Interestingly, the intensities of the Mn-Zn ferrite NPs synthesized by sonochemical method 

were seen fully crystalline with sharp peaks (large crystallite sizes). Nevertheless, it can be 

clearly seen from the logarithmic intensity patterns that no additional peaks or impurities 

were observed in any of the samples. 

 

   Fig. 6-13 XRD patterns of Mn Zn ferrite NPs with different compositions, Mn0.2Zn0.8Fe2O4, 

Mn0.5Zn0.5Fe2O4 and Mn0.8Zn0.2Fe2O4, synthesizedby sonochemical (designated as 1S, 2S 

and 3S, respectively) methods. 
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6.3.3.2 Morphology characterizations of MnZn-Fe2O4 NPs 

     Transmission electron microscopy (TEM) was employed to investigate the size and shape 

and to confirm the crystalline nature of the as synthesized Mn-Zn ferrite NPs in different 

compositions. Fig. 6-14 shows the TEM images of Mn-Zn ferrite NPs synthesized by 

sonochemical method. It can be seen from the TEM images that the Mn-Zn ferrite NPs are well 

dispersed with cube-like shapes. In addition, increase in the manganese content in the 

compositions leads to enhanced crystallinity of the particles with increment in the particles 

size. Obviously the main reason for obtaining such highly crystalline structures of the Mn-Zn 

ferrite NPs synthesized by sonochemical method comes from the extreme reaction conditions 

generated from the ultrasonics irradiation [13].   

 

Fig. 6-14 TEM images of Mn-Zn ferrite NPs synthesized by sonochemical method using metal  

chloride precursors with different compositions, Mn0.2Zn0.8Fe2O4, Mn0.5Zn0.5Fe2O4 and  

Mn0.8Zn0.2Fe2O4, respectively. 

 

 Further characterization of the synthesized MnZn-Fe2O4 NPs in different compositions is 

obtained through the FTIR spectra in the range from 400 to 4000 cm
-1

, as shown in Fig. 6-

15a. The FTIR spectra of as synthesized Mn0.5Zn0.5Fe2O4, Mn0.2Zn0.8Fe2O4 and 

Mn0.8Zn0.2Fe2O4 NPs by sonochemical method were shown in Fig. 6-15a. All the three 

compositions show similar absorption peaks in the regions of 3380, 1608 and 630 cm
-1

. The 

peak at 630 cm
-1 

corresponds to the stretching vibration of Fe-O bond. The broad bands at 

3380 and 1608 cm
-1

 are corresponding to the O-H stretching vibrations.  
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 Fig. 6-15 (a) FTIR curves of Mn-Zn ferrite NPs (designated as Mn2Zn8, Mn5Zn5 and 

Mn8Zn2  for Mn0.2Zn0.8Fe2O4, Mn0.5Zn0.5Fe2O4 and Mn0.8Zn0.2Fe2O4, respectively) synthesized 

by sonochemical method, and (b) EDS pattern of Mn-Zn ferrite NPs, showing the presence of 

Fe, O, Mn, and Zn elements in the Mn-Zn ferrite NPs. 

 

 The elemental composition analysis of Mn-Zn ferrite NPs synthesized by sonochemical 

method was obtained by EDS, attached with TEM. Fig. 6-15b represents the EDS spectrum 

of MnZn ferrite NPs. The EDS spectrum shows the presence of Mn, Zn, Fe and Oxygen 

elements in right proportions.  

6.3.3.3 Magnetic properties of Mn-Zn ferrite NPs 

 

          The magnetic hysteresis loops of Mn-Zn ferrite NPs synthesized by sonochemical 

method were measured at room temperature using VSM in an external magnetic field ranging 

from –13 kOe to +13 kOe. Fig.6-16 shows the first quadrant magnetization curves of the 

MnZn ferrite NPs with different compositions. A large increase in the magnetization value 

with manganese content has been observed indicating that the manganese concentration has a 

great effect on the magnetization value in these samples. High magnetization value of 84.5 

emu/g obtained in the composition with high manganese content (Mn0.8Zn0.2Fe2O4). This high 

value of magnetization is also considered as another evidence for the higher degree of 

crystallinity in sonochemical samples because it is well known that the high crystallinity of 



158 

 

the particles leads to negligible surface spin disorder resulting in increased magnetization 

[43]. On the other hand, the ferrites samples synthesized using sonochemical method showed 

even much smaller coercivity values in the range from 12.1 to 27 Oe; thus it can be safely 

mentioned that the obtained MnZn-ferrite NPs by sonochemical method are 

superparamagnetic at room temperature. 

 

                    Fig. 6-16 Magnetization curves of Mn-Zn ferrite NPs (designated as Mn2Zn8, 

Mn5Zn5 and Mn8Zn2 for Mn0.2Zn0.8Fe2O4, Mn0.5Zn0.5Fe2O4 and Mn0.8Zn0.2Fe2O4, 

respectively synthesized by sonochemical methods. 

 

       Further, in order to clearly confirm the advantages of the present sonochemical synthesis 

method, an attempt has been made by comparing the properties of Mn-Zn ferrite NPs 

prepared by other recently reported methods with our method. It may be mentioned here that 

our results are different in comparison to the reported ones [44] not only in terms of their 

magnetization values but also in their corresponding particle sizes, micro/nano structures 

through SEM/TEM images and the methods of synthesis as well. Even though, the reported 

works succeeded in synthesizing Mn-Zn ferrite NPs with some good magnetic properties, the 
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aggregation and not well crystalline nature of the nanoparticles still remain as a problem for 

various applications [38, 45-52]. In addition, the synthesis process in these works appears to 

be complicated and sometimes it needs long time for the completion of the process. In 

contrast, the present facile aqueous sonochemical approach successfully produced highly 

crystalline Mn-Zn ferrite NPs with high magnetization value of 84.5 emu/g within only 75 

minutes of the reaction time, and without use of any surfactant or the need for post synthesis 

high temperature calcination reaction. Thus, all the aforementioned advantages of our 

sonochemical method make it highly feasible, reliable and attractive for synthesizing highly 

crystalline Mn-Zn ferrite NPs with superparamagnetic and high magnetic moment properties 

for various bio applications. 

6.3.3.4 Conclusions  

     In summary, I successfully demonstrated the synthesis of different monodisperse ferrite 

(CoFe2O4, Ni Zn Fe2O4, and MnZnFe2O4) nanoparticles in single one pot reaction without the 

presence of surfactant using sonochemical method. Transmission electron microscopy (TEM) 

results showed that different morphological structures of spherical, cubic and mixed shapes 

with different particle sizes were obtained by changing the synthesis solvent medium and 

compositions. The obtained ferrite nanoparticles with high crystalline, high magnetic moment 

and superparamagnetic properties are expected to be promising materials for various 

biomedical applications, and the facile aqueous approach of sonochemical method is 

expected to be a promising route for synthesis of different ferrite materials. 
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SUMMARY 

 

     In this study, I developed a novel sonochemical approach for the facile synthesis of iron 

oxide (Fe3O4) nanocubes in a one-pot aqueous medium. The as-synthesized Fe3O4 nanocubes 

exhibited a high-crystallinity structure with a high saturation magnetization value of 91 

emu/g at 5 K. For real-world applications, the as-synthesized Fe3O4 nanocubes were 

functionalized with different inorganic materials to form various core/shell nanocube 

structure of Fe3O4/SiO2, Fe3O4/TiO2, Fe3O4/C, Fe3O4/Au, and Fe3O4/SiO2/Ag. The core/shell 

Fe3O4/SiO2 nanocube was synthesized using a novel sonochemical and sol-gel method in a 

shorter amount of time than previously reported methods; the results exhibited a high stability 

and biocompatibility toward the Hela cells compared with naked Fe3O4 nanocubes. Further, 

Fe3O4/SiO2 nanocube was functionalized with 3-Aminopropyltriethoxysilane, and then 

successfully conjugated with streptavidin, which highlights the promising efficiency of using 

Fe3O4/SiO2 nanocube in bio-sensing applications.  

     Fe3O4/TiO2 core/shell nanocube was successfully synthesized in a one-pot sonochemical 

reaction; they demonstrated excellent catalytic efficacy toward the degradation of methylene 

blue (retaining as much as 90% of the initial efficiency after six cycles). Furthermore, a novel 

sonochemical approach was developed for the synthesis of silver-decorated silica-coated iron 

oxide (Fe3O4/SiO2/Ag) nanocubes. The as-synthesized Fe3O4/SiO2/Ag nanocubes displayed 

excellent performance in the catalytic reduction reaction of 4-nitroaniline to 4-

phynylenediamine. The grafted silver catalyst could be recycled and reused at least fiften 

times without a significant loss of catalytic efficiency.  

     In addition to the sysnthesis of Fe3O4 nanocubes and various core/shell nanocubes, the 

developed sonochemical approach in my study was performed for synthesis of different types 

of magnetic oxide NPs. In this thesis, I have controlled for the shape and size of the ferrite 
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nanoparticles using a one-pot sonochemical method. Moreover, the developed sonochemical 

approach in my study is expected to be a promising route for the synthesis of not only 

different magnetic oxide NPs but also various types of multi core/shell nanostructures of 

MNPs/SiO2/noble metals. In addition, the developed method is facile, reliable, economical, 

and environmentally friendly, which will be desirable qualities for the large-scale synthesis of 

nanoparticles. 
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기능화의 초음파 화학 합성코어 / 쉘 산화철 나노 큐브촉매에 대한바이오 응용 

Mohamed Abbas Ali Ahmed 

 EMS- DGIST 

(지도교수 김 철 기) 

초 록 

 

기능성 자성 나노 입자는 나노 과학, 나노 기술, 환경 화학, 바이오-메디컬 등 여러 분야에서 주목하고 

있다. 이미 많은 연구실에서 기능성 물질의 여러 가지 합성 방법과 기술에 대해 다루었지만 여전히 쉽

고 빠르며 경제적으로 실현 가능한 합성 방법에 대해 활발한 연구가 진행되고 있다. 

자성 나노 입자의 형태는 여러 분야의 어플리케이션에 있어 자성 나노 입자의 특성 평가에 대한 중요

한 지표로 사용된다. 특히, 앞서 말했던 바이오-메디컬 어플리케이션에서는 6면체 형태의 나노 입자가 

바이오기능성 물질의 결합에 대한 면적 효율을 높이기 위한 가장 적합한 구조이다. 6면체 나노 입자

가 8면체, 12면체, 20면체 또는 구 형태의 나노 입자에서보다 전체 부피에 대한 표면적 비가 높기 때

문이다. 그래서 자성 나노 입자의 6면체 제작과 표면 기능화는 나노 입자의 성능 향상과 앞으로의 응

용에 있어 매우 중요한 기술이 될 것이다. 

우선, 유일하게 수성 용매에서 합성할 수 있고, 사이즈를 조절이 가능한 Sonochemical 합성 방법으로 

높은 자화 특성을 갖는 6면체의 Fe₃O₄를 합성하였다. 그리고 바이오 센싱, 촉매 등 앞으로의 응용단계

를 위해 Silica (SiO₂), Titania (TiO₂), 탄소 (C), 은 (Ag), 금 (Au) 등의 다양한 재료들로 6면체의 Fe₃O₄ 자

성 나노 입자를 표면 처리하였다. 

최근, 자성 나노 입자의 표면 처리는 일반적으로 Stober 방법과 Microemulsion 방법이 주로 사용되고 

있다. 이러한 방법들은 core/shell 구조의 합성이 가능하고 Shell의 두께 조절을 균일하게 합성할 수 있

다는 이점이 있지만, 많은 양의 계면활성제 사용, 6 ~ 48 시간의 긴 반응 시간 등의 문제점을 가지고 

있다. 이 실험에서는 Sonochemical 합성 방법으로 높은 온도 (5000 K), 압력 (~20 MPa), 빠른 냉각 속
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도 (~10¹⁰ K/S) 등의 반응 조건을 조절하여 이러한 문제점을 개선하였고, 그로 인해 전체 합성 및 코

팅 공정 시간이 기존 반응 시간에 비해 매우 단축되었다. 또한, 양쪽 친매성 고분자인 PVP 

(polyvinylpyrrolidone)를 코팅하기 위한 Sol-gel 방법도 연구하였다. 

Silica (SiO₂) 코팅된 자성 나노 입자는 MRI 조영제, Drug delivery, Hyperthermia 등의 바이오 메디컬 

어플리케이션에 있어 안전성, 생체 적합성, 기능성이 우수하다. 앞으로의 이러한 응용을 위해서 

Sonochemical 합성 방법과 Sol-gel 코팅 방법으로 Fe₃O₄/SiO₂ core/shell의 자성 나노 입자 만드는 방

법을 연구하였다. 반응 조건을 달리함으로써 Silica shell의 두께를 4–18 nm의 범위 내에서 조절이 가

능하다. (XRD), (TEM), (EDS), (FT-IR), (VSM) 장비로 Fe₃O₄/SiO₂ core/shell 형태의 6면체 자성 나노 입

자의 특성을 분석하였다. Fe₃O₄/SiO₂ core/shell의 자성 나노 입자는 공기 중 노출에도 최소 4 개월 동

안 안정성을 유지하였고, 강한 환원제인 H₂ 기체가 존재하는 300 ℃ 가열 조건에서도 안정성을 유지

하였다. 또한, 4nm의 두께로 silica 코팅된 자성 나노 입자는 50.7 emu/g 정도의 높은 자화값을 가졌

다. 생체 적합성도 Fe₃O₄ 나노 입자에 비해core/shell silica 코팅된 자성 나노 입자가 훨씬 우수하였다. 

또한 Aminopropyltriethoxysilane으로 코팅된 Fe₃O₄/SiO₂ 자성 나노 입자와 streptavidin-Cy3가 결합

되어 있는 것을 Optical fluorescence microscopy로 확인하였다. 

Sonochemical 합성 방법으로 탄소 (C)와 Titania (TiO₂)를 사용하여 자성 나노 입자의 표면처리를 해보

았다. Titanium isopropoxide와 iron(Ⅱ) sulfate heptahydrate가 가수분해와 응축 현상을 거치며 무정

형 Titania로 코팅된 Fe₃O₄ 자성 나노 입자가 합성되었다. (XRD), (TEM), (EDS), (FT-IR)를 사용하여 

Fe₃O₄/TiO₂ core/shell 자성 나노 입자의 결정 구조, 크기, 형태, 성분 분석, 금속-금속 결합, 금속-산소 

결합을 확인하였고, (VSM)으로 상온에서의 자성 나노 입자의 자기적 특성을 측정하였다. 또한, 

Fe₃O₄/TiO₂를 촉매로 사용한 methlyene blue 분해 반응에서 좋은 효율을 보였으며 hydrogen peroxide 

(H2O2) 조건에서는 자외선 조사 없이도 5분 이내에 반응을 하여 더 높은 효율성을 보여주었다. 6번의 재

사용 후에도 초기 효율의 90% 가량의 효율을 유지하였다. Titania의 Sonochemical deposition에 대한 

반응 메커니즘과 Methylene blue에서의 분해 촉매 반응 메커니즘은 뒤에서 논의할 예정이다. 양쪽 친

매성 고분자인 PVP (polyvinylpyrrolidone)는 Fe3O4/C core/shell 자성 나노 입자 합성에서 두 물질을 연결

해주는 역할을 해주었다. Au 또는 Ag nanodot으로 코팅된 Fe3O4/SiO2/Ag and Fe3O4/Au 구조의 

nanocube를 합성하기 위해 Sonochemical method와 Seed mediated growth method를 사용하였다. XRD, 
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EDS, TEM, FT-IR 분석 장비를 통해 두 method로 nano-dot 코팅된 Fe3O4의 특성을 확인하였다. 

Fe3O4/SiO2/Ag 자성 나노 입자는 p-Nitraoaniline을 p-Phenylenediamine로 환원시키는 반응에서 15 회 사

용에서도 88%의 효율을 보이는 우수한 촉매로서의 역할을 하였다.  

Sonochemical 합성 방법을 기반으로 Co-Fe2O4, NiZn-Fe2O4, MnZn-Fe2O4 와 같은 여러 종류의 산화철 나노 

입자를 합성해보았다. 합성 용매에 따라 6면체, 구 형태 등 다양한 나노 입자의 형태와 20~110 nm 범위 

내에서 사이즈 조절이 가능함을 TEM을 통해 관측할 수 있었다. 또한 이렇게 합성된 나노 입자는 높은 자

화값을 가지고 초상자성 특성을 갖는다. Sonochemical 합성 방법은 다양한 산화철 나노 입자 합성에 

있어 수성 용매로 하는 매우 용이한 합성법이라 할 수 있고, 고결정성, 초상자성, 고자화율 특성을 갖

는 산화철 나노 입자는 앞으로의 폭넓은 바이오 응용에 있어 전도 유망한 물질이라고 할 수 있다.  
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