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Abstract
The application of nanoparticles can increase the number of products and protect against the deadly effects of 
industrial processes. Generally, nanoparticle technology offers numerous benefits, including reduced energy 
consumption and waste generation. Therefore, this study aimed to prepare Fe3O4 and Fe3O4/SiO2 nanoparticles 
using rapid microwave method. The instruments used for analysis included x-ray diffraction (XRD), Fourier 
transform infrared spectroscopy (FT-IR), vibrating sample magnetometer (VSM), scanning electron microscopy-
dispersive x-ray (SEM-EDX), and ultraviolet-visible diffuse reflectance spectroscopy (UV-DRS). The combustion 
process was carried out using a microwave to produce sufficient energy for forming Fe3O4 nanoparticles. The 
homogeneous heating distribution process in the raw material effectively formed different initial phases and 
nanoparticle morphologies within a few minutes. The results showed that the application of rapid and efficient 
microwave provided good monodispersity, uniform core-shell structure, and high magnetization. The calculated 
optical bandgap values for Fe3O4 and Fe3O4/SiO2 ranged from 1.77–2.33 eV. According to magnetic analysis, 
Fe3O4 nanoparticles showed superparamagnetic behavior at room temperature with a value of 32–40 emu/g, 
while Fe3O4/SiO2 powder had 9–23 emu/g. The analysis of SEM-EDX showed that SiO2 had the potential to 
prevent particle aggregation and stabilize the nanoparticles prepared. Moreover, further study is recommended 
to modify the product with other materials, such as TiO2, for photocatalysts.

Keywords: Magnet, Microwave, Nanocatalyst, Optic, SiO2, Structure

Research Article

1 Introduction

According to a global study, the discovery of lodestone 
is widely recognized as the mineral magnetite (Fe3O4) 
[1]. The term ‘magnet’ originated from the region 
where this magnetic stone was found, namely Magnesia  
(Anatolia) [2], [3]. In chemistry and mineralogy, 
magnetic stone is magnetite, an iron ore with strong 
remanent magnetization [4]. Additionally, magnetite 
is typical of semiconductors, showing potential as a  
catalyst capable of minimizing micro-organisms [5]. 
This significant potential and the ability to absorb metal  
materials is an advantage of Fe3O4 nanoparticles [6]. 

Other advantages of iron oxide include biocompatibility,  
friendly environment, suitability for drug delivery, 
low toxicity, electromagnetic ability, and biomedical  
applications [7], [8]. Several new technological  
developments have investigated the characteristics and 
properties, specifically focusing on the shape and size 
of Fe3O4 crystals [9]–[15]. Some preparations have  
produced Fe3O4 nanostructures, including coprecipitation,  
hydrothermal, micro-emulsion, sol-gel, ultrasonic, 
and biological synthesis [16]–[21]. However, all these 
preparations have some limitations due to relatively 
low yields, long synthesis times, and requirements 
for organic solvents [22]. Several alternatives have 
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been developed to address this limitation, including 
sonochemical method for preparing the core-shell 
structure of Fe3O4 nanoparticles, using solvothermal  
to synthesize the superparamagnetic iron oxide  
nanorods [23] or using solvothermal to synthesize the  
superparamagnetic iron oxide nanorods [24]. Other 
studies have successfully synthesized Fe3O4 using 
the coprecipitation method with different reaction 
temperatures, high crystallinity, and spherical shape 
[25]. Another report explained that a liquid thermal 
decomposition method was prepared to produce  
colloidal Fe3O4 nanoparticles of regulated size [26]. 
The inverse microemulsion method has proven  
effective in thickening the silica layer to protect 
the nanomagnetics from aggregation properties.  
Nanoparticle alloys have been prepared through Stöber 
precipitation and modification methods, facilitating the 
synthesis of magnetic iron oxide (Fe3O4) and Fe3O4/
SiO2 core shells applied in nonlinear optics [27].  
Despite these advantages, conventional methods often 
entailed time-intensive procedures to prepare Fe3O4. A 
recent study explained that Fe3O4 nanoparticles were 
prepared using hydrothermal methods at 160–200 °C  
for six hours [28]. However, these methods are  
expensive and complex, including handling significant  
volumes of organic matter, surfactant solvents, and 
environmental pollution rather than producing highly 
purified Fe3O4. This phenomenon shows the need 
for a new method that is faster, more efficient, and 
environmentally friendly, preserving the structure 
of Fe3O4 nanoparticles. Therefore, this study used 
a microwave to synthesize Fe3O4 and Fe3O4/SiO2  
nanoparticles. Synthesis of high-performance magnetite  
nanoparticles can be achieved quickly and easily due 
to modern microwave chemistry, which has several 
advantages compared to conventional methods [29]. 
This microwave and precursor material interaction 
promotes a fast and uniform heating process due to 
the penetrating quality of irradiation [30], [31]. During  
the process, energy transfers from hot conditions into 
rapid kinetic movements, leading to homogeneous  
volume heating to produce nanoparticles due to  
irradiation and molecular reactions [32]. For example, 
iron oxide nanoparticles have been rapidly produced 
using microwave, polyethylene glycol (PEG), aqueous 
ferric chloride salt, and ammonia. The main determinants  
of the dimensional properties of nanoparticles are 
heating time, microwave power, and PEG. The  

characteristics of nanoparticles have also been  
recognized using X-ray Diffraction (XRD), Transmission  
Electron Microscopy (TEM), Fourier Transform 
Infrared spectroscopy (FT-IR), Vibrating Sample  
Magnetometer (VSM), X-ray Photoelectron  
Spectroscopy (XPS), and Thermo Gravimetric (TG) 
[33]. In another method, hematite was produced using 
alkaline media and 0.1 M FeCl3 solution as a precursor,  
followed by heating at 800 W for 20 min, with  
temperatures fluctuating between 150, 200, and 250 °C.  
Horikoshi et al., stated that the use of microwaves 
during synthesis could produce nanoparticles with 
homogeneous shapes and sizes more quickly, cheaply, 
and effectively compared to the conventional high-
temperature annealing method [34]. However, Fe3O4 
nanoparticles have limitations, including susceptibility  
to agglomeration, large surface area, chemical reactivity,  
and high surface energy, leading to potential loss of 
magnetic properties [35], [36]. Modifications such as 
coating have been proven effective by combining metal 
and non-metal materials, preparing nanostructures,  
and using coating (template) strategies to overcome 
the limitations [37], [38]. The coating method is 
used to conjugate organic or inorganic materials 
onto the iron oxide surface [39]. This modification 
avoids oxidation and agglomeration events, thereby 
improving the physicochemical properties of Fe3O4 
nanoparticles and increasing functionality as an ideal 
catalysis material [40]. Several studies have added 
other materials to prepare Fe3O4 composites, such as 
coating Ag nanoparticles on magnetite [41], magnetite 
polydimethylsiloxane composite [42], carbon-coated 
Fe3O4 [43], [44], and SiO2 [45]–[48]. Among these  
materials, previous reports show that SiO2 had significant  
potential due to high thermal resistance, physical 
and chemical stability, the ability to maintain surface  
hydroxyl groups, biocompatibility, non-toxicity, and 
inert nature [49]. In this study, SiO2 was used to coat 
Fe3O4 nanoparticles to adjust the pore structure and 
size [50]. The synthesis process also included the use 
of ferric chloride hexahydrate (FeCl3.6H2O), ferrous 
chloride tetrahydrate (FeCl2.4H2O), and pH modifiers 
with sodium hydroxide (NaOH) to produce magnetic  
(Fe3O4) nanoparticles. Structure and size of the crystals 
were also determined, along with functional groups and 
the optical band gap of the synthesized compounds. 
This characterization process was carried out using 
XRD, FT-IR, VSM, Scanning Electron Microscopy-
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Dispersive X-ray (SEM-EDX), and Ultraviolet-Visible 
Diffuse Reflectance Spectroscopy (UV-DRS).

2 Experimental

2.1  Preparation of Fe3O4 and Fe3O4/SiO2 nanoparticles

Magnetite samples were produced quickly using 
an effective microwave method. All materials used 
were purchased from Merck Millipore Indonesia and  
applied without preprocessing. These included ferric 
chloride hexahydrate (FeCl3.6H2O), ferrous chloride 
tetrahydrate (FeCl2.4H2O), sodium hydroxide (NaOH), 
tetraethyl orthosilicate (TEOS), ethanol, ammonia 
solution (26% w/v). Iron oxide nanoparticles were  
prepared using a rapid microwave in an alkaline solution.  
Initially, 15 mL of deionized water was heated to a 
temperature of 75 °C, mixed with FeCl3.6H2O (1 g) 
and FeCl2.4H2O (2 g). Subsequently, the mixture was 
added with 3 M NaOH (100 mL) and stirred for 1 h 
in a silica crucible. After the stirring treatment, the 
suspension was placed with a silica crucible into a 
microwave oven (400 W) and irradiated for 10 min. 
The procedure of Fe3O4 nanoparticle synthesis used a 
400 W microwave at 60, 100, and 140 °C temperatures. 
The product was obtained as nanoparticles with a small 
crystal size, and the solution was brought to a boil,  
where dehydration and decomposition occurred, leading  
to solidification. The solids obtained were labeled as 
A1 (Fe3O4, T = 60 °C), A2 (Fe3O4, T = 100 °C), and 
A3 (Fe3O4, T = 140 °C), which were subjected to  
further treatment using a permanent magnet. The dark 
precipitates were washed several times with deionized 
water to remove residual ions and dried at 60 °C for 
two hours. For the experiment of Fe3O4/SiO2, TEOS, 
ammonia solution (26% w/v), ethanol, and deionized 
water were prepared and stirred in the silica crucible,  
following the same procedure for Fe3O4. In this  
process, 0.5 g of dried Fe3O4 was dispersed in ethanol, 
deionized water, and a 26 % ammonia solution. The 
suspension was ultrasonicated for 30 min, 10 mL of 
TEOS to magnetite solution was added, and stirred for 
15 min. An external magnet was used to facilitate the 
separation of Fe3O4/SiO2 from the suspension, which 
was washed three times and dried in an oven at 60 °C for 
two hours. The products obtained were denoted as B1 
(Fe3O4/SiO2, T = 60 °C), B2 (Fe3O4/SiO2, T = 100 °C),  
and B3 (Fe3O4/SiO2, T = 140 °C).

2.2  Characterization of Fe3O4 and Fe3O4/SiO2  
nanoparticles

All samples prepared were analyzed using a Rigaku 
Miniflex-600 XRD X-ray diffractometer with Cu 
Kα radiation at λ = 1.5406 Å. Structural refinements  
using the Rietveld method were carried out using 
Match software. Subsequently, the Nicolet Avatar 360 
FT-IR spectrometer was used to analyze the surface  
functional groups. The energy-dispersive X-ray  
analysis of Fe3O4 and Fe3O4/SiO2 samples was 
performed with Phenom Desktop ProXL scanning 
electron microscopy to identify the morphology. The 
diffuse reflectance UV- DRS spectrum was recorded 
using Pharmaspec 1700 to estimate band gap energy. 
The magnetization was analyzed by determining  
magnetic properties using Oxford 1.2 H VSM.

3 Result and Discussions

3.1 XRD analysis

The crystal structure of Fe3O4 and Fe3O4/SiO2  
nanoparticle products was identified using an X-ray 
diffractometer to determine the average size of single-
crystal nanoparticles. XRD patterns can be calculated 
using the Debye-Scherrer equation [51]. 

D = 0.98 λ/β cos θ (1)

 The crystal size of nanoparticles is denoted by 
D, Scherrer constant (0.98), the X-ray wavelength  
(λ = 1.54), the Bragg diffraction angle (θ), and β is the 
symbol for half of the maximum full width (FWHM). 
Figure 1 shows XRD with various diffraction peaks 
of Fe3O4 and Fe3O4/SiO2. The characteristic spectrum 
of standard Fe3O4 are 31.69 (220), 35.54 (311), 43.38 
(400), 55.01 (422), 57.14 (511), and 62.78 (440). The 
peak existed at 2θ = 21.94 (200), which might be  
attributed to amorphous SiO2. The XRD peaks indicated  
that the crystal structure of Fe3O4 nanoparticles did not 
change during the modification process. The addition 
of SiO2 did not affect the physical properties of Fe3O4 
nanoparticles. A previous study has established that 
magnetic phase Fe3O4 can be superparamagnetic or  
ferromagnetic [52]. All diffraction peaks can be  
indexed to the pure cubic phase (JCPDS 96–900-2319),  
showing the crystalline nature of the synthesized  
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material. Although the amorphous SiO2 layer on top 
has no impact on the magnetism structure of Fe3O4 
[53], the presence of silica groups will result in a 
larger Fe3O4 crystal size. This study produced magnetic  
nanoparticles in a microwave oven operating at 400 W 
with 60, 100, and 140 °C temperatures, forming Fe3O4 
nanoparticles within 10 min.

3.2  FT-IR spectra 

Figure 2 shows the FT-IR spectra for Fe3O4 and Fe3O4/
SiO2, where the main band for Fe3O4 was identified  
around 552–571 cm–1, as indicated by the Fe-O  
stretching vibration [54]. Fe3O4/SiO2 group was shown 
at 1620–1627 cm–1, associated with the stretching  
vibrations of the Si-O-Si bonds due to oxygen transport  
[55]. The absorption band at 3447–3454 cm–1 was 
associated with OH groups from the hydroxyl group 
bonded to Si (Si-OH). Moreover, both Fe3O4 and 
Fe3O4/SiO2 have been observed as the cubic type  
[56].

3.3  VSM-curves
 
The magnetic properties of Fe3O4 shown in Figure 3  
are combined with SiO2 to obtain the saturation  
magnetization value. SiO2 encapsulates Fe3O4, reducing  

the highest saturation magnetization observed at  
9–23 emu/g compared to Fe3O4 at 32, 38, and 40 emu/g.  
This significant reduction is attributed to several  
factors, including impurities, crystallinity, and particle  
size [57]. The characterization results show that  
artificial Fe3O4/SiO2 has lower magnetic properties 
than Fe3O4 nanoparticles.

3.4  SEM-EDX analysis

SEM-EDX analysis was used to analyze the morphological  
structure of Fe3O4 and Fe3O4/SiO2 nanocomposites. 
Figure 4 (A1, A2, and A3) shows the SEM-EDX 
images, indicating the micromorphology of Fe3O4 
at 5000x magnification. Fe3O4 nanoparticles show 8 
and 10 µm lengths and concentrations of elemental 
O (37.33%) and Fe (37.00%). Due to the tiny size 
and magnetic power, Fe3O4 nanoparticles have an  
unsymmetrical crystal shape, with surface morphology  
showing the aggregation of numerous nanoscale  
particles [58]. Furthermore, Figure 4 (B1, B2, and B3) 
shows that Fe3O4 magnetic nanoparticles have SiO2 
layers [59]. The nanocomposite components show a 
higher concentration of Fe (53.64%) and O (36.71%). 
Specifically, a significant amount of Fe is detected 
on the outermost layer of Fe3O4/SiO2, suggesting the 
precipitation of Sodium (Na).

Figure 1: XRD pattern : (A1) Fe3O4, T = 60 °C;  
(A2) Fe3O4, T = 100 °C; (A3) Fe3O4, T = 140 °C;  
(B1) Fe3O4/SiO2, T = 60 °C; (B2) Fe3O4/SiO2, T = 100 °C;  
(B3) Fe3O4/SiO2, T = 140 °C.

Figure 2: FTIR spectra : (A1) Fe3O4, T = 60 °C ;  
(B1) Fe3O4/SiO2, T = 60 °C; (A2) Fe3O4, T = 100 °C; 
(B2) Fe3O4/SiO2 , T = 100 °C; (A3) Fe3O4, T = 140 °C; 
(B3) Fe3O4/SiO2, T = 140 °C.
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Table 1: Elemental composition of Fe3O4 and Fe3O4/
SiO2

No. Element 
Symbol

Element 
Name

Weight Conc. 
Fe3O4

Weight Conc. 
Fe3O4/SiO2

1 O Oxygen 37.33 53.64
2 Fe Iron 37.00 36.71
3 Na Sodium 18.83 6.58
4 C Carbon 5.77 1.40
5 Cl Chlorine 0.63 1.18
6 Si Silicon 0.44 0.49

 This phenomenon is facilitated by using sodium  
hydroxide (NaOH) to accelerate the deposition  
process. Additionally, chlorine is assumed to be present 
in Fe3O4 and SiO2 to form FeCl3 and FeCl2, respectively.  
Table 1 lists the constituent elements of Fe3O4 and 
Fe3O4/SiO2.

3.5  Optical properties by DRS studies 

The Tauc Plot method calculates the energy band gap 
(optical properties) [60]. For semiconductor materials, 
the formula used is expressed as follows.

(α.ℎυ)1/γ = B(ℎυ – Eg) (2)

 In this study, the energy band gap sequences 
in the synthesis of Fe3O4 are 2.33 (T = 60 °C), 2.15  
(T = 100 °C), and 2.11 (T = 140 °C), while Fe3O4/SiO2 

is 2.04 (T = 60 °C), 2.03 (T = 100 °C), and 1.77 eV  
(T = 140 °C), respectively. As shown in Figure 5, Fe3O4 
and Fe3O4/SiO2 nanoparticles in microwave synthesis 
at 140 °C have estimated band gaps of 2.11 and 1.77 eV,  
respectively. The sample energy gap decreases due to 
increased TEOS content, while particle size is inverse 
to the selection band gap energy. The conduction  
band density shows significant variation due to the 
inverse ratio between the band gap energy and the 
particle size. The transfer of electrons from the valence 
band to the conduction band requires a band gap energy 
value. Moreover, when the band gap increases, the 
energy value to activate electrons also rises, facilitating 
the absorption of low wavelengths [61], [62].

4 Conclusions

In conclusion, this study successfully synthesized 
Fe3O4 and Fe3O4/SiO2 nanoparticles using rapid  
microwave method. The advantages of microwave  
irradiation sources for chemical transformations  
included accelerated reaction rates, minimum energy 
consumption, and the absence of prolonged reflux 

Figure 3: The VSM curve: (A1) Fe3O4 (60 °C);  
(A2) Fe3O4 (100 °C); (A3) Fe3O4 (140 °C); (B1) Fe3O4/
SiO2 (60 °C); (B2) Fe3O4/SiO2 (100 °C).

Figure 4: SEM-EDX of Fe3O4 (A1 (T = 60 °C),  
A2 (T = 100 °C) and A3 (T = 140 °C)) and Fe3O4/SiO2 
(B1 (T = 60 °C), B2 (T = 100 °C) and B3 (T = 140 °C)).

Figure 5: Tauc plot method of (A3) Fe3O4, T = 140 °C 
(2.11 eV) and (B3) Fe3O4/SiO2, T = 140 °C (1.77 eV).

Magnetic Field (Oe)

M
ag

ne
tic

 M
om

en
t (

em
u/

gm
)

–1.0 –0.6 –0.2 0.2 0.8–0.8 –0.4 0.0 0.60.4 1.0

(A1) Fe3O4, T = 60 °C

(A3) Fe3O4, T = 140 °C

(B2) Fe3O4/SiO2, T = 100 °C

(B1) Fe3O4/SiO2, T = 60 °C

(A2) Fe3O4, T = 100 °C

A1

Fe3O4 (T = 60 °C) Fe3O4 (T = 100 °C) Fe3O4 (T = 140 °C)

Fe3O4/SiO2 (T = 60 °C)

A2 A3

Fe3O4/SiO2 (T = 100 °C) Fe3O4/SiO2 (T = 140 °C)

B1 B2 B3



Lety Trisnaliani et al., “Rapid Microwave Method to Enhance the Characteristics of Fe3O4 and Fe3O4/SiO2 Nanoparticles.”

6 Applied Science and Engineering Progress, Vol. 17, No. 3, 2024, 7414

compared to the conventional method. This synthesis 
method was found suitable for the study conditions, 
which required a fast, safe, and environmentally 
friendly modern technology to heat the substrate for 10 
min at reaction temperature conditions of 60–140 °C. 
The nature of Fe3O4, easily oxidized and aggregated 
during the preparation and application process, made 
SiO2 the most potential candidate for coating Fe3O4 
nanoparticles. SiO2 compounds are chemically and 
thermally stable materials capable of protecting the 
surface of iron oxide nanoparticles. Furthermore, SiO2 
is non-toxic, soluble in water and well-compatible. 
Based on the results, the XRD pattern showed the 
formation of Fe3O4 and Fe3O4/SiO2 structures, while 
the presence of functional groups was confirmed 
by FT-IR analysis. Electron microscopy showed the  
impact of surface modification on the morphology of 
the shape and size of nanoparticles, which increased 
from approximately 2.19 nm to 3.71 nm after SiO2 
coating. The saturation magnetization of Fe3O4/SiO2  
(9–23 emu/g) was lower than Fe3O4 (32–40 emu/g), 
showing successful templating of SiO2 with Fe3O4.  
Analysis of the VSM curve confirmed that both Fe3O4 and 
Fe3O4/SiO2 nanoparticles showed superparamagnetic  
behavior. The band gap also showed that Fe3O4 and 
Fe3O4/SiO2 at a temperature of 140 °C have the smallest  
band gap energy, 2.11 and 1.77 eV, respectively. The 
addition of SiO2 caused the band gap energy in the 
sample to become smaller. Generally, a small band 
gap value requires less energy for excited electrons to 
absorb light and wavelengths during photocatalysis, 
enhancing the potential of Fe3O4/SiO2 nanoparticles 
as effective nanocatalysts. The result revealed that the 
Fe3O4/SiO2 had better thermal stability and dispersion 
than the magnetite (Fe3O4) nanoparticles. The Fe3O4/
SiO2 nanoparticles benefit from a simple preparation 
method, cost-effectiveness, a short reaction time,  
excellent yield, friendly environment, high magnetization,  
and easy work-up, which are the main advantages of 
the present method. These results also demonstrated 
the suitability of Fe3O4/SiO2 nanoparticles as promising 
materials for further investigations due to the safe and 
rapid synthesis process.
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