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Abstract 
This study is based on the structural, thermal and optical analysis of pure and Fe-
doped NiO nanoparticles synthesized by the sol-gel method. At a calcined 
temperature of 500⁰C for two hours, four samples (pure NiO, 2% Fe, 4% Fe, 
and 6% Fe doped NiO) have been prepared and characterized by X-ray 
diffraction (XRD), scanning electron microscopy (SEM), thermo gravimetric 
analysis (TGA) and UV-Visible spectroscopy. XRD confirms a single-phase FCC 
cubic structure with increasing average crystalline sizes of the particles, when the 
concentration of Fe increases. SEM reveals nanoparticles with increasing sizes, as 
Fe concentration increases the size of nanoparticles increases from 33.87nm 
(pure) to 63.89nm (6% Fe doped). TGA results show that less weight loss 
occurred in Fe-doped samples as compared to pure NiO; this led to enhanced 
thermal stability of prepared nanoparticles. The UV-visible result indicates red-
shift with an increasing rate of absorption in the Fe-doped sample than in pure 
NiO. Also, the Tauc-Plot method shows that the shrinkage of energy band gap in 
Fe-doped samples, when compared to pure NiO sample. This study showed that 
doping of Fe in NiO enhances the structural, thermal and optical properties of the 
material. Iron-doped nickel oxide nanoparticles have the right structural, thermal, 
and optical properties to be used in thermoelectric and optoelectronic devices. 

Keywords 

Fe-doped NiO nanoparticles, 
Thermoelectric materials, Sol-gel 
synthesis, Optoelectronic 
applications. 
 
 
Article History  
Received on 08 March 2025 
Accepted on 08 April 2025 
Published on 16 April 2025 
 
Copyright @Author 
Corresponding Author: * 
Awais Ur Rehman*1 
 

 
 
 
INTRODUCTION

https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030
mailto:awaisurrehmanphysicist@gmail.com
mailto:alihaiderphy@gmail.com
mailto:sardarsafdarzaman77@gmail.com
mailto:raiarshadj@gmail.com
mailto:salahmarri102@gmail.com
mailto:mhrqamar602@gmail.com
mailto:33323751@mahasiswa.itb.ac.id
mailto:mkashifbashir624@gmail.com
mailto:mkashif@iqra.edu.pk


Spectrum of Engineering Sciences   
ISSN (e) 3007-3138 (p) 3007-312X   
 

https://sesjournal.com                | Rehman et al., 2025 | Page 513 

Nanoparticle has been the subject of broad research 
since the beginning of their development because of 
their extraordinary real-world characteristics and 
bulk counterparts. Nano-scale materials are prepared 
in a number of ways [1]. Catalysts, 
photoelectric sensors, and recording materials are 
just a few of the applications of oxidized metals. 
These applications may be improved and controlled 
in a variety of ways by developing them into 
nanoscale materials. For the past few years, 
researchers have been focusing on them [2]. Metal 
oxide, also known as NiO, has fascinated mechanical 
and contemporary significance for 
its magnetic, electronic, mechanical, optical, and 
thermal properties. Due to its large band gap, this 
metal functions well as a P-type semiconductor [3]. 
Furthermore, in earlier research, NiO nanoparticles 
with various concentrations and iron annealing 
temperatures were examined, and it was observed 
that adding Fe to NiO NPs improves their 
characteristics and that they have remarkable 
magnetic, structural, and optical features. As a result 
of its excellent structural, optical, and magnetic 
characteristics, This material might be useful in a 
variety of applications, including optoelectronics, 
batteries, and sensors. [8]. A lot of work is being put 
into researching materials that will increase data 
storage in computers in the form of non-volatile 
memory in the future. This has inspired a wave of 
interest in the study of nanomaterials' appealing 
features, because they eventually allow electrical 
charge and spin to be controlled by changing the 
magnetic field [2]. Clearly, with zero applied fields, 
antiferromagnetic materials in bulk have no net 
magnetic moment, but magnificent particles of 
similar materials show either super-paramagnetic or 
fragile ferromagnetic material [4]. NiO is a transition 
metal oxide having a density of 6.67 grammas per 
cubic centimeter, a melting point of 1955 degrees 
Celsius, and an auto-ignition temperature of 400 
degrees Celsius. NiO nanoparticles have a specific 
surface area of 130 to 150 nanometers and are 
measured between 10 and 30 nanometers. XRD 
analysis revealed that the NiO NPs have a face-
centered cubic (FCC) crystal structure [10]. In the 
present study, we have synthesized Fe-doped NiO 
nanoparticles using the sol-gel method, a widely 
accepted technique due to its simplicity, cost-

effectiveness, and ability to precisely control synthesis 
parameters such as temperature, pH, and precursor 
concentration. This method facilitates the formation 
of uniform particles with tunable morphology and 
crystallinity. The synthesized nanoparticles were 
subjected to comprehensive structural, thermal, and 
optical analyses to evaluate their suitability for 
thermoelectric and optoelectronic applications. The 
investigation aims to understand the influence of Fe 
doping on the structural phase, particle size, thermal 
stability, and optical band gap of NiO nanoparticles, 
thereby contributing to the advancement of 
multifunctional nanomaterials for next-generation 
devices. Despite the extensive research on nickel 
oxide (NiO) nanoparticles and their versatile 
applications in electronics, optics, and energy 
devices, several key areas remain underexplored. 
Although Fe doping has shown potential in 
enhancing the magnetic and optical properties of 
NiO, a comprehensive understanding of how iron 
incorporation influences the structural, thermal, and 
optical characteristics—specifically in the context of 
thermoelectric and optoelectronic applications—is 
still lacking. 
Most existing studies focus either on the magnetic or 
catalytic properties of Fe-doped NiO, often 
overlooking the combined analysis of structural 
integrity, thermal stability, and band gap 
modulation, which are crucial parameters for energy-
efficient and high-performance optoelectronic 
devices. Furthermore, there is limited comparative 
data on how varying Fe concentrations and synthesis 
parameters (such as annealing temperature and 
method) affect the functional properties of NiO at 
the nanoscale. 
Additionally, while the sol-gel method is recognized 
for producing uniform nanoparticles, there is a need 
for more systematic investigations into how this 
technique can be optimized for Fe doping to fine-
tune the material’s multifunctional characteristics. 
The lack of detailed correlation between synthesis 
conditions, dopant concentration, and the resulting 
material properties represents a significant gap in the 
literature. 
This study addresses these gaps by providing a 
thorough structural, thermal, and optical analysis of 
Fe-doped NiO nanoparticles synthesized via the sol-
gel method, with the goal of identifying their 
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suitability and performance in thermoelectric and 
optoelectronic applications. 
 
2 MATERIALS AND METHODOLOGY 
2.1 Materials 
The materials used in this research are: Nickel 
Nitrate Ni (NO3)2, Iron nitrate Fe (NO3)3, Ethanol 
and Sodium Hydroxide (NaOH). Distilled water was 
used in all the experimental procedures. 
 
2.2 Preparation of pure and Iron doped 
NiO nanoparticles 
In the course of this study, we prepared NPs 
consisting of both pure NiO and Fe- doped NiO by 
sol-gel method. In order to produce pure NiO NPs, 
we dissolved 3g of Nickel Nitrate Ni (NO3)2 in 30ml 
of distilled water. On the other hand, in order to 
produce iron-doped NiO, we added3g of Nickel 
Nitrate Ni (NO3)2 and 0.06g of iron nitrate Fe 
(NO3)3 to an aqueous solution that contained 30ml 

of distilled water. We stirred the solution for two 
hours to dissolve the salt completely. The salt 
solution was titrated by adding 0.5 M NaOH drop 
wise from burette with constant stirring. Frequently 
we checked the PH. The precipitates were formed 
when pH was 10. These precipitates were washed 4-5 
times with ethanol and distilled water and then were 
dried at 150⁰C for one hour to remove moisture. 
The dried material was grinded by mortar and pistil 
which resulted in 2% Fe doped NiO nanoparticles. 
In the end dried sample were calcined at 500⁰C for 2 
hours in a muffle furnace for removing the 
impurities in the product. Repeating the above 
procedure, we prepared 4% Fe doped NiO and 6% 
Fe doped NiO, for which we dissolved 0.12 g of iron 
nitrate Fe (NO3)3 and 0.18 g of iron nitrate Fe 
(NO3)3 with 3 g of nickel nitrate Ni (NO3)2 in 30 ml 
of distilled water, respectively. Experimental setup is 
displayed in figures 1 respectively. 

 
2.3 Experimental setup of synthesized NPs 

 
Figure 1: Experimental setup and synthesized Fe doped NiO nanopowder before (A) and after (B) calcinations. 

 
3  RESULTS AND DISCUSSION 
3.1 XRD analysis 
According to XRD analysis, the structures of pure 
NiO and iron-doped NiO nanoparticles at 
concentrations of 2%, 4%, and 6% are shown in 

figure 2. From figure 2, in prepared nanoparticles, 
diffraction peaks have been detected at 36.35 °, 
42.46 °, 62.32 °, and 74.79 °. Cubic FCC structure 
iron doped nickel oxide nanoparticles were found to 
have well-defined diffraction peaks (200), (111), 
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(220), (222) and (311) that match the standard 
spectrum (JCPDS, No.04-0835). The crystallinity of 
Fe-doped nanoparticles is demonstrated by the fine 
and sharp XRD peaks. According to the Scherrer 
equation, the average crystalline sizes obtained from 
diffraction ridges are 12.66 nm, 16.38 nm, 21.27 
nm, and 29.15 nm for pure NiO, 2% Fe 
concentration, 4% Fe concentration, and 6% Fe 
concentration, respectively. Increased peak intensity 
indicates that crystallinity develops with doping and 
has a direct correlation to Fe concentration. The 
extremely small diffraction values of each sample 
produce a close correlation between the estimated 

crystalline sizes derived from Scherer's equation. By 
doping iron into nickel oxide, the average crystalline 
size increases from 12.66 nm to 29.15 nm.  Ni+2, 
Fe+2, and Fe+3 have ionic radii of 0.69Å, 0.74 Å, and 
0.64 Å, respectively. Due to the small difference in 
ionic radii between Ni+2, Fe+2, and Fe+3, Fe-ions can 
substitute Ni+2 ions without compromising the lattice 
structure. Moreover, according to Pauling scale the 
electronegativity of both Ni and Fe cations are 
comparable (1.9 for Ni and 1.83 for Fe) thus Fe gets 
incorporated in to the NiO lattice at vacancy sites. 
The crystal sizes are listed in the table 1 below 
according to the dopant concentration. 

 

 
Figure 2: XRD patterns of pure and Fe- doped (2% Fe, 4% Fe and 6% Fe) NiO nanoparticles. 

 
Table 1: Shows average crystalline sizes for pure NiO and Fe doped (2% Fe, 4% Fe and 6% Fe) NiO 

nanoparticles. 

3.2 SEM Analysis 
SEM micrographs are used to determine the particle 
shape, size, and morphology of the sample. Figure 3 
and 4 show SEM images of the produced Fe-doped 
NiO NPs for the samples. These images were 
obtained using a scanning electron microscope. 
Figure 3 displays four 0.5um SEM images taken at 
50KX, with image A representing pure NiO, image B 
representing NiO with 2% Fe content, image C 
representing NiO with 4% Fe content, and image D 
representing NiO with 6% Fe content. In a similar 
manner, figure 4 displays four 1um SEM images 
taken at 15KX for pure NiO, 2% Fe doped NiO, 4% 

Fe doped NiO, and 6% Fe doped Nio, respectively. 
The images are labeled E, F, G, and H. These 
scanning electron micrographs SEM images 
demonstrate the morphology of Fe-doped NiO NPs.  
It has been noticed that the particles are 
agglomerated and nearly spherical and oval in shape, 
with a non-homogeneous distribution. The results of 
measuring the average particle sizes by image J 
software came out to be 33.87 nm, 45.07 nm, 53.35 
nm, 63.89 nm for pure NiO, 2% Fe, 4% Fe and for 
6% Fe respectively, which indicates that the size of 
the particles increases as the concentration of the Fe 

Concentration (%) Average Crystallite Size (nm) 
0 %  Fe (pure NiO) 12.66 nm 
2 %  Fe-doped NiO 16.38 nm 
4 %  Fe-doped NiO 21.27 nm 
6 %  Fe-doped NiO 29.15 nm 
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increases. The table 2 below shows the particle sizes 
for pure and iron doped nickel oxide. 

 

 
Table 2: Shows particle sizes for pure NiO and Fe doped (2% Fe, 4% Fe and 6%) NiO nanoparticles. 

Samples Particle size (nm) 
Pure NiO 33.87 
2% Fe-doped NiO 45.07 
4% Fe- doped NiO 53.35 
6% Fe-doped NiO 63.89 

 

 
Figure 3: Shows four SEM images, image A representing pure NiO, image B representing NiO with 2% Fe 
doping, image C representing NiO with 4% Fe doping, and image D representing NiO with 6% Fe doping. 

 

 
Figure 4: Shows four SEM images, image E representing pure NiO, image F representing NiO with 2% 

Fe doping, image G representing NiO with 4% Fe doping, and image H representing NiO 
with 6% Fe doping. 
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3.3 Thermal analysis 
TGA determines changes in the weight of a sample 
in relation to a change in temperature. Thermal 
conductivity absorption spectroscopy (TGA) was 
used to record the TGA curves of the synthesized 
iron-doped and pure NiO from room temperature to 
600oC with a heating rate of 5oC/min. All samples 
showed weight loss below 100oC, indicating the 
elimination of chemically adsorbed and structurally 
bonded water molecules.  

 
3.3.1: Thermal analysis of pure NiO sample 
Figure 5 below shows the TGA curve for pure NiO 
sample, a continuous weight loss of 0.3 mg was 
observed in the temperature range of 150oC to 
350oC and 4 mg of weight loss was observed at 
temperature range of 500oC to 600oC, where 1.6 mg 
of total weight loss was observed up to 600oC. 

 
Figure 5: Shows TGA curve for pure NiO nanoparticles. 

 
3.3.2 Thermal analysis of 2% Fe-doped NiO 
sample 
Figure 6 below shows the TGA curve for 2% Fe-
doped NiO sample, in which a continuous weight 
loss of 0.27 mg was observed in the temperature 
range of 140oC to 250oC and 0.3 mg of weight loss 

observed at a temperature of 500oC to 600oC where 
1.1 mg of total weight loss was observed up to 600oC 
for this sample. The total weight loss of this sample is 
reduced as compare to the total weight loss of pure 
NiO, this shows that 2% Fe-doped NiO sample is 
more stable than pure NiO up to 600oC. 

 
Figure 6: Shows TGA curve for 2% Fe doped NiO nanoparticles. 
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3.3.3 Thermal analysis of 4% Fe-doped NiO 
sample 
Figure 7 below shows the TGA curve for 4% Fe-
doped NiO sample in which a continuous weight 
loss of 0.27 mg was observed in the temperature 
range of 160oC to 240oC and 0.25 mg of weight loss 

at a temperature of 500oC to 600oC, while 1 mg of 
total weight loss was observed up to 600oC for this 
simple, which is lower than pure and 2% Fe doped 
NiO. This indicates that 4% Fe doped NiO sample is 
more stable than pure and 2% Fe doped NiO up to 
600oC. 

 
Figure 7: Shows TGA curve for 4% Fe doped NiO nanoparticles. 

 
3.3.4  Thermal analysis of 6% Fe-doped NiO 
sample 
Figure 8 below shows the TGA curve for 6% Fe 
doped NiO sample in which a continuous weight 
loss of 0.7 mg was observed at 425oC to 600oC where 
0.9 mg of total weight loss was observed up to 600oC. 
The total weight loss of this sample is lower in 
comparison with 2% Fe, 4% Fe and with pure NiO. 
And it is also observed that pure, 2% and 4% Fe-
doped nickel oxide decomposes earlier than 6% Fe 
doped nickel oxide and is consistent over the 
temperature range, indicating that 6% Fe-doped 
nickel oxide is more stable than 2%, 4% and pure 
nickel oxide. The first stage of weight loss in all 

samples is may be due to oxidation of Ni+2 or Fe+2 to 
higher oxidation state where the second stage of 
weight loss may be due to the decomposition of an 
unstable or off stoichiometric. As validated the EDX 
data synthesized nanoparticles are either nearly 
stoichiometric or slightly oxygen rich. Due to the 
nanoparticles' thermal stability, no further weight 
loss was detected in all samples. As the amount of Fe 
increases in NiO, it is seen that the samples lose less 
weight as the temperature increases. The table 3 
below listed the percentage of total weight loss up to 
600oC for pure NiO and Fe doped (2% Fe, 4% Fe 
and 6% Fe) NiO nanoparticles. 
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Figure 8: Shows TGA curve for 6% Fe doped NiO nanoparticles. 

 
Table 3: Showing the weight loss in percentage for 
pure and Fe doped (2% Fe, 4% Fe and 6% Fe) NiO 
nanoparticles. 

 
3.5: UV-Vis Analysis 
The optical absorption spectra of pure and doped 
(2% Fe, 4% Fe, and 6% Fe) NiO nanoparticles are 
shown in figure 9. As seen in the spectra, the 
absorption edges of all doped samples with 
increasing rate of absorption are significantly red-
shifted relative to the absorption edge of pure NiO. 
This results in the formation of nanoparticles. 

Furthermore, band gap graphs, using well-known 
Tauc plots method are shown in figure 10, of the 
synthesized nanoparticles. From figure 10, it is 
evident that band gap become shrinkage by adding 
Fe in NiO nanoparticles. And it is also observed that 
as Fe concentration increases, the band gap of the 
nanoparticles decreases. Since NiO is a p-type 
material, it is expected that holes will accumulate 
near the top of the valence band as a result of Fe 
doping, which may result in band gap contraction as 
in our case. This leads to improved optical 
characteristics of the material.  

 

 
Figure 9: Absorption spectra of pure and Fe doped (2% Fe, 4% Fe and 6% Fe) NiO nanoparticles. 
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Figure 10: Direct band gap energies spectra of pure and Fe doped (2% Fe, 4% Fe and 6% Fe) NiO nanoparticles. 

 

 
 

Table 4: Band gap energies for pure and Fe doped (2% Fe, 4% and 6%) NiO nanoparticles. 

Conclusion 
Pure and iron-doped (2%, 4%, and 6%) NiO 
naoparticles have been successfully synthesized at a 
calcined temperature of 500⁰C for two hours by a 
simple and low-cost process called sol-gel. XRD 
confirms the cubic FCC structure with an increase in 
crystalline size from 12.66 nm (pure) to 29.15 nm 
(6% Fe-doped) . SEM analysis reveals nanoparticles 
with increasing size from pure NiO to 6% Fe doped 
NiO. Size of the nanoparticles increases with 
increasing Fe concentration. TGA analysis shows 
that the slight increase in weight loss for pure NiO 
sample with increasing temperatures in comparison 
with 2%, 4% and 6%  Fe doped NiO samples. And 

it is also observed that the weight loss of the Fe 
doped NiO samples reduces with increasing Fe 
concentration. The UV-Visible analysis revealed a 
red shift in the absorption spectrum and reduction 
in band gap with the increasing Fe concentration for 
direct band gap. 
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