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Abstract 
 
This paper explores the synthesis and comprehensive characterization of 
magnesium oxide-doped iron (III) oxide nanoparticles (MgO-Fe2O3 NPs). 
Utilizing a modified sol-gel method, the study focused on integrating MgO 
and Fe2O3 to harness the synergistic effects of both metal oxides. The 
characterization techniques used include X-ray Diffraction (XRD), Fourier 
Transform Infrared Spectroscopy, UV-Vis spectroscopy, and Field Emission 
Scanning Electron Microscopy (FE-SEM), accompanied by Energy-
dispersive X-ray Spectroscopy (EDX). Key findings from XRD analysis 
demonstrated a well-crystallized material with a range of crystallite sizes, 
calculated using the Scherrer formula, with an average size of 18.82 nm. 
FT-IR spectra identified several bonding interactions indicative of MgO 
and Fe2O3 phases, with specific peaks at 418, 549, and 1155 
corresponding to metal-oxygen bonds and interactions. UV-V is 
absorbance measurements revealed a significant peak at 225 nm with a 
sharp decrease in absorbance at wavelengths above 300 nm, 
suggesting effective UV light absorption, which is critical for potential 
photocatalytic applications. The band gap estimated from Tauc plots 
was approximately 3 eV, confirming the material's suitability as a wide 
band gap semiconductor. The FE-SEM images indicated that the 
nanoparticles were spherical, with an average diameter of about 30 nm. 
This implies a uniform distribution and high surface area to volume ratio, 
which is indispensable for enhanced reactivity. EDX evidenced the 
composition of the nanoparticles, and the iron, magnesium, and oxygen 
peaks obviously doped the Fe2O3 into the MgO matrix. The synthesis of 
MgO-Fe2O3 nanoparticle sensors based on this novel sol-gel method 
opens an avenue to develop efficient sensors.  
 
Keywords: Magnesium oxide nanoparticles, Iron oxide nanoparticles, 
FTIR, XRD, Magnesium Oxide-Doped Iron Oxide Nanoparticles 
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1.0 INTRODUCTION 
 
Magnesium oxide (MgO) nanoparticles are highly 
attractive due to their strong ionic nature, simple 
crystal structure, well-defined stoichiometry, large 
specific surface area, and high density of reactive 
sites caused by numerous crystal defects [1, 2] Thus, 
this makes MgO nanoparticles an ideal material for a 
wide range of applications, including serving as 
antibacterial agents against foodborne pathogens, 
catalysts, ceramics, toxic waste remediation, paints, 
superconductor products, and adsorbents [3, 4] , In 
the recent years, several methods have been 
modified for the synthesis of MgO nanoparticles, such 
as solution combustion, micro-emulsion, chemical 
vapour deposition, laser ablation, pulsed laser 
deposition, microwave synthesis, hydrothermal, co-
precipitation, solvothermal reduction, thermal 
decomposition, and sol-gel. Among them, the sol-gel 
technique is particularly favored due to its simplicity, 
high yield, low reaction temperatures, and ability to 
produce nanoparticles with a narrow size distribution 
and enhanced surface area. These characteristics are 
essential for improving reactivity and catalytic 
efficiency [5-7], The synthesis process usually involves 
complexing agents, such as magnesium acetate, in 
solvents like ethanol, oxalic acid, or tartaric acid. Upon 
annealing at high temperatures, these agents can 
introduce additional crystal defects, thereby 
increasing the number of active sites and modifying 
the surface properties of MgO Alongside 
advancements in MgO, iron oxide nanoparticles have 
gained significant attention due to their remarkable 
electronic, optical, magnetic, chemical, and thermal 
properties [8, 9], These properties make them suitable 
for a wide range of applications, including 
biotechnology, data storage, magnetic fluids, 
magnetic resonance imaging (MRI), environmental 
remediation, and catalysis [10, 11], Iron oxide, 
depending on its oxidation state, exists in various 
crystal structures, including hematite (α-Fe₂O₃), 
magnetite (γ-Fe₃O₄), and maghemite (c-Fe₂O₃). 
Hematite has attracted significant attention due to its 
wide range of applications, such as magnetic 
recording, catalysis, pigments, lithium-ion batteries, 
anticorrosive agents, gas sensors, water treatment, 
and photocatalysis [12, 13], Hematite is an 
environmentally friendly antiferromagnetic n-type 
semiconductor, and the most thermodynamically 
stable form of iron oxide at room temperature [14, 15]. 
The synthesis of α-Fe₂O₃ nanoparticles has been 
explored through various techniques, including 
magnetic sputtering, hydrothermal synthesis, sol-gel 
processes, ultrasonic spray pyrolysis, electrochemical 
anodization, and vapor-solid growth. These methods 
highlight the versatility and adaptability of iron oxide 
nanoparticles to different synthesis approaches [16]. 
This paper demonstrated to combine the advantages 
of both MgO and Fe₂O₃ by synthesizing MgO doped 
with Fe₂O₃ nanoparticles using a modified sol-gel 
method. The process incorporates citric acid and 
triethanolamine as gelling agents, selected for their 

cost-effectiveness, availability, and ability to form a 
homogeneous gel with iron (III) nitrate monohydrate. 
This approach enables the controlled production of 
metal-oxide nanoparticles that are chemically stable, 
uniformly sized, and well-dispersed [17, 18] , facilitating 
the controlled production of metal-oxide 
nanoparticles that are chemically stable, 
homogeneously sized, and well-dispersed [19-21]. 
more, it investigates the microstructure, morphology, 
bandgap, and photocatalytic properties of the MgO-
Fe₂O₃ nanoparticles, with the potential to broaden 
their application in environmental and technological 
fields. Thus, we synthesized MgO-Fe₂O₃ nanoparticles 
using the sol-gel method and then calcined at 500°C 
for 3 hours. Also, the investigation included the 
determination of the average crystallite size, particle 
size distribution, and bandgap of these nanoparticles. 
[22, 23]. The current study employs a sol-gel process to 
examine the synthesis and characterization of MgO-
Fe₂O₃ nanoparticle nanoparticles. This paper 
concerns themselves with their structural features and 
optical characteristics: integrity in spherical 
precipitate morphologies, average crystallite size of 
18.82nm, and a band gap of 3eV that positions the 
MNPs for UV driven technologies and environmental 
cleanup efforts. On the other hand, this paper focuses 
on the work done by Kaur et al. (2020) on synthesising 
and characterising optically active Fe-doped MgO 
nanophosphors to explore their luminescence 
properties suitable for opto-electronic devices. 
According to Kaur, the increment of luminescence 
was found to be due to the Fe-doping of MgO and 
which altered the crystalline structure of the material. 
The current study improves the current knowledge of 
MgO-Fe₂O₃ systems assessing their potential for 
photocatalytic and catalytic application through UV 
absorption and active surface sites while Kaur et al. 
considered solely luminescent efficiencies for 
electronic purposes. Altogether, these works 
evidence the usefulness of MgO-based composites, 
while the present work can be considered as 
providing data on the application of the composites 
in environmental security, and Kaur’s publication 
indicating the optoelectronics usability of the 
materials. The scope of the current work broadens the 
multi-functionality of use cases in technology and 
analytical environmental science [24]. 
 
 
2.0 METHODOLOGY 
 
2.1 Materials and Equipment 
 
• Magnesium nitrate hexahydrate [Mg(NO₃)₂·6H₂O] 
• Iron (III) nitrate nonahydrate [Fe(NO₃)₃·9H₂O] 
• Citric acid (as a chelating agent) 
• Ethanol (solvent) 
• Distilled water 
• Magnetic stirrer with heating 
• Oven for calcination 
• Crucibles or ceramic dishes 
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2.2 MgO Doped with Fe2O3 Nanoparticle Synthesis 
 
A 0.1 M solution of magnesium nitrate hexahydrate 
and a 0.05 M solution of iron (III) nitrate nonahydrate 
were dissolved in 100 mL of distilled water in a beaker. 
This molarity ratio was chosen to achieve a specific 
level of iron doping within the magnesium oxide 
matrix, although it could be adjusted based on the 
specific requirements of the study [25, 26]. Citric acid 
was then added to the solution in a 1:1 molar ratio 
relative to the total metal ion concentration, acting to 
stabilize the metal ions in the solution. To form the gel, 
ethanol was gradually introduced to the aqueous 
solution while continuously stirring to ensure uniform 
mixing [27, 28]. The volume of ethanol added was 
equal to the volume of the aqueous solution. The 
mixture was then heated to 80°C on a magnetic stirrer 
and maintained at this temperature for 2 hours to 
facilitate complete sol formation. During this stage, 
citric acid functioned as a chelating agent, 
complexing with the metal ions and contributing to 
the gelation process [29, 30]. After sol formation, the 
solution was cooled to room temperature and 
allowed to age for 24 hours under calm conditions, a 
crucial step for promoting further polymerization and 
strengthening the gel network. The gel was then dried 
in an oven at 120°C for 12 hours to remove residual 
solvents and water, resulting in an aerogel [31]. The dry 
gel was calcined in a crucible at 500°C for 3 hours to 
decompose organic materials and facilitate the 
formation of magnesium oxide (MgO) and iron oxide 
(Fe₂O₃) in their respective phases. The high 
temperature promoted the formation of both MgO 
and Fe₂O₃ while also aiding in the creation of a porous 
structure.  
 
 
3.0 RESULTS AND DISCUSSION 
 
3.1 FT-IR Analysis 
 
The obtained FT-IR spectrum shows distinct peaks at 
various frequencies, each corresponding to specific 
functional groups and bonding interactions within the 
MgO/Fe₂O₃ nanoparticles. A schematic analysis of 
the spectrum based on the observed peaks is 
provided in Figure 1. The FT-IR spectrum of the 
MgO/Fe₂O₃ nanoparticles reveals several 
characteristic peaks that offer insights into its structural 
and chemical properties.The peak at 418 cm⁻¹ 
corresponds to Fe-O stretching vibrations in Fe₂O₃, 
indicating the presence of metal-oxygen bonds in the 
iron oxide phase [32]. Another peak at 549 cm⁻¹ 
suggests variations in Fe-O stretching, which may be 
due to different interactions between Fe₂O₃ and 
MgO, potentially reflecting their structural integration 
[33]. The peak at 1155 cm⁻¹ is likely attributed to Mg-O 
stretching vibrations, confirming the presence of MgO 
and indicating some degree of interaction with Fe₂O₃ 

]34[ . 
 
 

 

Figure 1 FT-IR spectrum of the prepared MgO/Fe2O3 
nanocomposite 
 
 
3.2 XRD Analysis 
 
Figure 2 shows the XRD diffraction pattern of a MgO 
compound doped with Fe₂O₃, providing insights into 
its crystalline structure and particle size. The XRD data 
reveals a major peak corresponding to a prominent 
crystallographic plane, which is Indicative of a well-
defined crystalline structure. Peaks at 111, 311, 200, 
and 313 further confirm the presence of distinct crystal 
phases of both MgO and Fe₂O₃, suggesting that the 
material is well-crystallized [39]. To calculate the 
crystallite sizes, the Scherrer formula is used, which 
relates the width of the diffraction peaks (the Full 
Width at Half Maximum) to the size of the coherent 
diffracting domains, or crystallites. The Scherrer 
equation is typically expressed as [40]: 
 

D = kλβcosθ  
 
where: 
D is the crystallite size, 
K is the shape factor (often taken as 0.9), 
λ is the X-ray wavelength, 
β is the FWHM of the peak. 
θ is the Bragg angle (half of the 2θ) 

 
Based on the XRD data, the crystallite sizes of the 

MgO/Fe₂O₃ nanoparticles vary significantly, with 
values of 42.83 nm, 41.08 nm, 0.57 nm, 8.50 nm, 14.58 
nm, and 5.37 nm. This variation suggests a distribution 
of crystallite sizes within the sample, which could 
influence properties such as reactivity, stability, and 
overall performance. The calculated average 
crystallite size of 18.82 nm represents the typical 
domain size of the coherent crystalline regions 
throughout the sample. The XRD peaks observed at 
29.36541°, 38.94883°, 32.10017°, 42.73727°, 47.97°, and 
62.27° correspond well with the identified hkl planes, 
providing essential information for phase identification 
and confirming the crystalline nature of the sample 
[39]. The specific indices for these phases, Fe₂O₃ (96-
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153-9748) and MgO (96-100-0054), are in line with 
standard crystallographic data entries for these 
materials, validating the presence of both MgO and 
Fe₂O₃ phases in the nanoparticles. This finding is 
consistent with the work of Anjali Gupta et al., further 
confirming the crystalline nature and phase 
composition of the synthesized MgO/Fe₂O₃ 
nanoparticles[41]. 
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Figure 2 XRD patterns of the MgO/Fe2O3 nanocomposite 

 
 
3.3 UV-Visible Analysis 
 
Figure 3 shows The UV-Vis absorption spectrum of the 
MgO/Fe₂O₃ nanocomposite synthesized at 500°C 
shows intense optical features where the high 
absorption coefficient in the UV region (200–300 nm) 
could be ascribed to the CT transitions between 
oxygen ions (O²⁻) and metal cations (Fe³⁺ or Mg²⁺). This 
absorption implies a wide band gap typical of 
semiconducting oxides, which should point toward 
usage of the material in applications involving UV 
interaction including photocatalytic and 
environmental uses. There is also an abrupt decline of 
absorption after 300 nm which is further consistent with 
the limited visible light absorption inherent to the 
composite. The substrate annealing at high 
temperature might also increase the material’s 
crystallinity and minimize defect conditions as 
described by the sharp absorption edge which can 
be ideal for UV driven processes and other procedures 
that demand steady optical and catalytic property.  
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Figure 3 Absorbance spectrum of MgO/Fe2O3 

Evaluation of the absorbance curve, particularly the 
sharp and intensive peak in the UV region with the 
following sharp decrease is characteristic of 
nanoscale materials which, because of developing 
quantum confinement effects and a high SSA, have 
peculiar optical properties. The high temperature 
synthesis at 500°C may improve the crystallinity and 
decrease the defect states which may possibly 
explain the sharper absorption edge and better 
optical characteristic. In addition, the doped iron 
oxide in the composite assumes a role in the electronic 
character and affinity of the composite with 
magnesium oxide for UV light absorption. These 
alternative properties make the MgO/Fe₂O₃ 
nanocomposite very appropriate for UV driven 
applications using its nanoscale formation and photo 
activity this is in agreement with Srivastava et al. [42]. 
Figure 4 shows the Tauc plot, which is typically used to 
determine the optical band gap of semiconductor 
materials. In this plot, the (αhv)2 is plotted against the 
photon energy, where α is the absorption coefficient 
and hv is the photon energy. The graph represents the 
band gap analysis for a magnesium oxide (MgO) 
compound doped with iron oxide (Fe₂O₃). 
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Figure 4 Tauc plot the MgO- Fe2O3 Band gap 
 
 

A band gap of 3 eV indicates that the material 
absorbs ultraviolet light but not visible light [43], which 
typically starts at around 1.65 eV (750 nm) and extends 
to about 3.1 eV (400 nm). This aligns with the UV 
absorbance spectrum shown previously, which 
showed strong absorption in the UV region and 
minimal in the visible range. Semiconductor Type The 
band gap value categorizes this material as a wide 
band gap semiconductor, making it suitable for 
applications where resistance to electrical 
conductivity in the visible light spectrum is desired, and 
efficiency in UV light absorption is beneficial. 
Photocatalytic and Electronic Applications: Materials 
with a band gap of around 3 eV are commonly used 
in photocatalysts and electronic devices that operate 
under UV light. The ability to absorb high-energy 
photons and then utilize the generated electron-hole 
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pairs can be applied in photocatalysis (e.g., breaking 
down pollutants or water splitting to generate 
hydrogen). The influence of Doping, Doping MgO with 
Fe₂O₃ could be altering the electronic structure, 
resulting in the modification of the band gap. Iron 
oxide itself has different polymorphs with varying band 
gaps, and its integration into MgO might provide a 
means to tune the band gap to the observed value 
[44]. Smith et al. (2022) have also pointed out that UV-
visible spectroscopy for Fe2O3 – doped ZnO shows a 
major shift towards red when compared to 
ZnO.Presenting in this red shift, Fe2O3 demonstrates 
that it can improve the band gap through mid-gap 
defect states for the uptake of visible-light.red to pure 
ZnO. This red shift indicates that Fe2O3  effectively 
narrows the band gap by introducing mid-gap defect 
states, enhancing visible-light absorption. This kind of 
band-gap tuning is especially relevant to enhance 
the photocatalytic performances under solar light 
conditions; it opens a new pathway for further 
photocatalytic work in environmental clean-up 
processes[45]. Based on the study by Lee and Park 
(2023), the incorporation of Fe2O3 in ZnO creates a 
considerable slope in the visible area, which may 
induce a different optical absorption compared with 
the native one of the undoped ZnO. Interaction of 
Fe2O3 ions and ZnO lattice may lower electron-hole 
recombination rates as shown by the decrease in 
photoluminescence intensity suggesting that Fe2O3 
doped ZnO holds as a potential candidate for 
improved photoelectrochemical and sensing 
applications [46]. 
 
3.4 FE-SEM (Field Emission Scanning Electron 
Microscopy 
 
Figure 5 shows the magnesium oxide (MgO) doped 
with iron oxide (Fe₂O₃), including the morphology 
(shape and size), the distribution, and specific surface 
features of the nanoparticles. 
The reported size is approximately 30 nm. This size falls 
within the nano-regime, which can significantly 
influence the material's properties, including 
increased reactivity and quantum mechanical 
effects. Spherical nanoparticles are often desired for 
certain applications due to their symmetry and high 
surface area to volume ratio. Spherical shapes in 
nanoparticle synthesis can suggest a uniform growth 
mechanism during the synthesis process A good 
distribution of particles, where the spherical shapes 
are evenly spread over the entire scanned area, 
suggests a well-controlled synthesis process. Uniform 
distribution helps in achieving consistent properties 
across the bulk material. any areas where particles 
seem to cluster together. Agglomeration shown in 
Figure 5 can affect the effective surface area and, 
hence, the reactivity of nanoparticles. In applications 
such as catalysis, reduced agglomeration is often 
beneficial. Check for the smoothness or roughness of 
the individual nanoparticles. Surface irregularities can 
influence how nanoparticles interact with their 
environment.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 (a) Structural representation of magnesium oxide 
(MgO) doped with iron oxide (Fe₂O₃), illustrating material 
composition and interactions (b) High-magnification image 
for ( MgO-Fe₂O₃) 
 
 

The presence of pores or voids can also be 
relevant, especially in catalytic applications, as they 
can facilitate the diffusion of reactants to the active 
sites. ensure there is a scale bar to validate the size 
estimation of 30 nm. The scale bar is crucial for 
confirming that the nanoparticles meet the described 
size. The resolution of the image should be high 
enough to clearly resolve individual particles and not 
just clusters. These should be adjusted to clearly 
distinguish nanoparticles from the background, 
allowing for accurate analysis of distribution and 
morphology 
 
3.5 Energy-dispersive X-ray Spectroscopy 
 
Energy-dispersive X-ray Spectroscopy (EDX or EDS) 
analysis, is commonly used in conjunction with 
scanning electron microscopy (SEM) to determine the 

a 

b 
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elemental composition of a sample. The spectrum in 
Figure 6 shows peaks corresponding to the elements 
oxygen (O), iron (Fe), and magnesium (Mg), which are 
constituents magnesium oxide (MgO) doped with iron 
oxide (Fe₂O₃).  

Each peak in the EDX spectrum corresponds to a 
characteristic X-ray emitted by an element when it is 
struck by the electron beam in the SEM. The energy of 
these X-rays is specific to the electron transitions within 
the atoms of each element. The tall and sharp peaks 
at the lower energy side of the spectrum (around 0.5 
keV) indicate a high content of oxygen. This is 
expected as both MgO and Fe₂O₃ are oxides. The 
peaks for magnesium are visible around 1.25 keV, 
characteristic of Mg's K-series X-ray emissions. There 
are significant peaks for iron, especially around 6.4 
keV, which belong to Fe's K-series. This confirms the 
presence of iron oxide as a dopant. The quantitative 
data for oxygen (78.86% atomic percent, 2.01% 
weight percent) suggests that oxygen is the most 
abundant element by atomic ratio, which is typical for 
oxide compounds.  Iron makes up 6.84% atomic 
percent and 0.16% weight percent of the sample. This 
indicates a substantial incorporation of Fe in the 
material, likely as Fe₂O₃. Magnesium constitutes 
14.30% atomic percent and 0.25% weight percent, 
indicating that Mg is the primary metal component, 
forming the base matrix of MgO [47].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Energy-dispersive X-ray Spectroscopy (EDX to the 
elements oxygen (O), iron (Fe), and magnesium (Mg)) 
 
 
4.0 CONCLUSION 
 
This study successfully synthesized magnesium oxide-
doped iron (III) oxide nanoparticles (MgO-Fe₂O₃ NPs) 
using a modified sol-gel process, an innovative 
approach aimed at enhancing the material’s 
properties. Detailed characterization through X-ray 
diffraction (XRD) and Fourier-transform infrared (FTIR) 
spectroscopy confirmed the formation of a cubic 
crystal structure and the presence of characteristic 
bonding, validating the successful doping of MgO 
with Fe₂O₃. Further analysis using field emission 
scanning electron microscopy (FESEM) revealed the 
development of spherical nanoparticles with a 
uniform size distribution, which is crucial for optimizing 

the material’s reactive surface area. Optical 
characterization via diffuse reflectance spectroscopy 
and the analysis of the UV absorbance spectrum 
provided insights into the material’s electronic 
properties, particularly its high energy band gap, 
which is advantageous for UV shielding and potential 
photocatalytic applications. Energy-dispersive X-ray 
spectroscopy (EDX) further confirmed the integration 
of iron into the MgO matrix, reinforcing the 
effectiveness of the doping process. The combination 
of the material's environmental stability and favorable 
electronic properties positions MgO-Fe₂O₃ 
nanoparticles as highly promising candidates for use 
in environmental monitoring and remediation 
applications. The results of this study suggest that the 
synthesis method, aligned with current technological 
advancements and environmental safety 
considerations, provides a strong foundation for 
potential real-world applications. Further research is 
needed to assess the scalability and long-term stability 
of these nanoparticles under various environmental 
conditions, which would be essential for their 
commercialization in applications such as gas sensors 
and other important technologies. 
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