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This paper investigates the effect of functionalized carbon nanotubes (f-MWCNTs) on the electrical properties of nano-
sized Hematite (Fe₂O₃) structures. Fe₂O₃ nanoparticles were synthesized using a simple sol-gel method, and 10 wt.% of                 
f-MWCNTs were incorporated into this matrix with the assistance of ultrasound waves. The resulting nanocomposite was 
analyzed using XRD and FTIR spectroscopy methods. TEM analysis revealed that spherical nanoparticles were distributed on 
the carbon nanotubes, and decorating their surfaces. The electrical properties of Fe₂O₃, f-MWCNTs, and Fe₂O₃-f-MWCNTs 
nanocomposites were studied, and it was found that by adding a certain amount of f-MWCNTs to Fe₂O₃ using the above-
described method, the electrical properties of the resulting nanocomposite were significantly improved. 
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INTRODUCTION 
 

Over the past few decades, numerous studies have 
focused on the investigation of the electrical and optical 
properties of nanostructured materials. These materials 
exhibit unique optical and electronic characteristics 
compared to bulk materials due to their strong 
absorption properties, large surface area, high porosity, 
and good permeability [8,9]. Research into these 
materials is valuable not only from a fundamental 
scientific perspective, but also due to their wide range 
of practical applications in everyday life. This is 
attributed to their distinctive electronic structure, 
chemical and mechanical stability, and their sensitivity 
to environmental conditions. 

Transition metal oxides RuO2, MnO2, CuO, NiO, 
and Fe2O3 [10-15], which have excellent redox 
reversibility, high theoretical specific capacitance [10] 
were successfully applied in supercapacitors as 
electrodes [11,12], potential anode materials for Li-ion 
batteries, mainly due to their excellent stability and 
safety features [13]. From this point of view, NiO and 
Fe₂O₃ nanoparticles have attracted considerable 
attention. Fe2O3 is also attractive for its low cost, 
abundance, nontoxicity, and eco-friendliness [14,15]. 

There are different ways of the synthesis of Fe2O3 
NPs, such as spray pyrolysis [16,17], hydrothermal 
[18], and Sol-gel [19] methods. Both the synthesis 
methods and costs of the starting materials significantly 
influence the final material cost, which is crucial for the 
development and commercialization of the fabricated 
device.   

When nanoxides are combined with carbon 
nanotubes to form composites, their electrical and 
optical properties are further enhanced. The high 
surface area and electrical conductivity of carbon 
nanotubes, when integrated with nanoxides, improve 
the material's electromagnetic characteristics and 
mechanical stability. These composites also offer new 
functional possibilities, enabling the development of 
more efficient materials for a wide range of 
applications.  

In this work, we present a simple and cost-
effective method for synthesizing Fe oxide 
nanoparticles (NPs). The resulting powdery 
nanomaterial was characterized using XRD, IR 
spectroscopy methods. To prepare the Fe₂O₃–                 
f–MWCNTs nanocomposite, an ultrasonication 
method was employed, and the final product was 
observed using TEM microscope. Electrical 
measurements were conducted at both room and 
elevated temperatures to study the electro-conductivity 
mechanism of the nanocomposite in its Ag- Fe₂O₃–       
f-MWCNTs -Ag planar form structure. 

 
EXPERIMENTAL 

  
Iron oxide nanoparticles (Fe₂O₃) were synthesized 

using a simple sol-gel method. To begin, 0.1 M 
FeCl₃·6H₂O was dissolved in 100 ml of deionized water 
(Solution 1), and 5 M sodium hydroxide (NaOH) was 
dissolved in 16 ml of deionized water (Solution 2). 
Solution 1 was stirred at 1500 rpm with heating. Once 
the temperature of Solution 1 reached 90°C, Solution 2 
was added dropwise over 1 hour, while maintaining 
constant magnetic stirring to keep the pH at 7. The 
mixture was stirred for an additional hour until the 
temperature decreased to 25°C. The resulting 
precipitate was collected by centrifugation, washed 
several times with deionized water to remove chloride 
and other unreacted ions, and then air-dried at 150°C. 
Finally, the samples were annealed at 300°C and 500°C 
for 3 hours in open air to convert Fe(OH)₃ into dark 
reddish Fe₂O₃ nanoparticles, as shown in the following 
reaction:   
                                         t   

2Fe(OH)3             Fe2O3+3H2O 
 

All the samples were characterized using X-ray 
diffraction (XRD) to determine crystallinity, phase 
composition, and particle size. The analysis was 
performed with a D2 Phaser diffractometer from 
Bruker, utilizing CuKα radiation with a wavelength of 
1.5406 Å. Infrared (IR) spectroscopy was conducted 
using an IRAffinity-1 FTIR spectrometer from 
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Shimadzu, Japan, over the wavenumber range of 400–
4000 cm⁻¹. 

The MWCNTs were obtained from SWENT 
(USA) and have a purity of 98%. These MWCNTs 
were functionalized with oxygen-containing groups 
and analyzed. Further details can be found in our 
previously published articles [20, 21].   

To prepare the Fe₂O₃–f-MWCNTs 
nanocomposite, 10 wt.% of f-MWCNTs is taken 
relative to the dry Fe₂O₃ powder, and both compounds 
are mixed in a glass container with alcohol under the 
effect of ultrasonic waves for 1 hour, then they are dried 
again. 
 
RESULTS AND DISCUSSION 
 

X-ray diffraction analysis was conducted to 
determine the phase formation and crystallinity of the 

Fe-O compound powder obtained at two different 
calcination temperatures. As shown in Fig. 1, improved 
crystallinity is achieved at 500°C. The prominent 
diffraction peaks correspond to the Standard JCPDS 
card no. 86-0550, confirming the crystallization of       
α-Fe₂O₃ in the rhombohedral hexagonal phase. The 
additional small peaks are attributed to residual 
impurities. The average crystallite size was determined 
using Scherrer's formula: 

 

𝐿𝐿 = 𝑘𝑘𝜆𝜆
𝛽𝛽 cos𝜃𝜃

, 
 

where β is the full width at half maximum (FWHM). 
The calculated crystallite size is 10 nm. The 
crystallinity parameters and structure of the MWCNTs 
are discussed in our previous work [21]. 

 

 
Fig. 1. X-ray pattern of a- Fe2O3 NPs at different calcination temperatures.  

 

IR spectroscopy analysis 
Fig 2 shows comparative IR spectra of α-Fe₂O₃, f-MWCNTs, and   Fe₂O₃-f-MWCNTs. 
 

 
 

Fig. 2.  IR spectra of a) α-Fe₂O₃, b) f-MWCNTs, and c) Fe₂O₃-f-MWCNTs. (The colour of the curves is selected similar 
to the material’s colour). 
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In the FTIR spectrum of Fe₂O₃ (iron oxide), the 
peaks observed at 457, 530, 605, 878, 1627, and 3312 
cm⁻¹ correspond to vibrations associated with Fe–O and 
O–H groups [22, 23]. The peak at 457 cm⁻¹ is related to 
the stretching vibration of Fe–O bonds, indicating the 
vibration of iron-oxygen bonds that are present in the 
main structure of Fe₂O₃. This wavelength represents the 
primary vibration of the Fe–O bonds in the crystal 
structure of Fe₂O₃. The peaks at 530 cm⁻¹ and 605 cm⁻¹ 
correspond to the stretching vibrations of other Fe–O 
bonds, representing different Fe–O bond interactions in 
the crystal structure of Fe₂O₃. These peaks may suggest 
the presence of different crystal forms of Fe₂O₃, such as 
the α-phase or a partially formed β-phase. The peak at 
878 cm⁻¹ is related to the vibration of O–Fe–O bonds. 
The peak at 1627 cm⁻¹ is associated with the bending 
vibration of the O–H group, indicating the presence of 
hydroxyl groups or adsorbed water. The peak at 3312 
cm⁻¹ is related to the stretching vibration of the O–H 
group, indicating the presence of water or hydroxyl 
groups on the surface of Fe₂O₃. These peaks provide 
important information about the Fe₂O₃ structure, 
including the nature of its iron-oxygen bonds and the 
presence of hydroxyl or water groups on the surface. 
When analyzing the FTIR spectrum of f-CNT, the peak 
at 480 cm⁻¹is observed. This peak may represent the 
vibration of the primary carbon-carbon (C-C) bonds in 
the carbon nanotube. Additionally, this wavelength 
could sometimes indicate vibrations associated with 
metals (if the nanotube has been functionalized or 
incorporated into a composite material). The peak at 
623 cm⁻¹ also indicates the vibration of C-C bonds. 
Peaks in the 3235, 3413, 3477, and 3550 cm⁻¹ range 
indicate the presence of hydroxyl groups. The peaks at 
1145 cm⁻¹ and 1617 cm⁻¹ confirm the presence of 
carboxyl groups. The 1399 cm⁻¹ and 1617 cm⁻¹ ranges 
also suggest vibrations associated with the 
functionalization of the carbon nanotube [20, 21]. 

The FTIR spectrum of Fe₂O₃-f-MWCNTs differs 
(Some of the peaks of Fe₂O₃ is changed the position) 
from the spectra of the individual materials. The peaks 
observed at 450, 552, 596, 1016, 1345, 1405, 1661, and 

3455 cm⁻¹ correspond to specific vibrational modes that 
arise from the interaction between Fe₂O₃ (iron oxide) 
and functionalized multi-walled carbon nanotubes       
(f-MWCNTs). The peaks at 450, 552, and 596 cm⁻¹ 
correspond to the Fe–O bond stretching vibration, 
which is characteristic of Fe₂O₃. It indicates the 
presence of iron-oxygen bonds within the iron oxide 
component of the composite. The peak at 1016 cm⁻¹ 
may correspond to the C–O stretching vibration, 
possibly related to the functional groups on the carbon 
nanotubes (such as hydroxyl or carboxyl groups) that 
were used for functionalization.  The intensive peak, 
observed at 1345 cm⁻¹ is commonly attributed to the D-
band of carbon nanotubes, which is associated with 
defects or disorder in the graphitic structure of the 
nanotubes. It was observed as a small peak on the curve 
of f-MWCNTs; however, the increased intensity may 
be attributed to Fe₂O₃ nanoparticles on the CNT 
surface, suggesting an increase in defects. 1405 cm⁻¹: 
This peak could be related to the C–O bending vibration 
or another defect-related vibration in the carbon 
nanotube structure. The peak 1661 cm⁻¹is often seen in 
the C=C stretching region, which could indicate the 
presence of aromatic carbon-carbon bonds or graphitic 
structures within the carbon nanotubes. The broad peak 
at 3455 cm⁻¹ corresponds to the O–H stretching 
vibration, often associated with hydroxyl groups on the 
surface of the functionalized carbon nanotubes or 
adsorbed water. 
 
TEM observation 
 

Transmission Electron Microscopy (TEM) is a 
powerful technique used for high-resolution imaging of 
the internal structure and morphology of materials at 
the nanoscale. In this study, TEM observations were 
conducted to examine the detailed structural 
characteristics of the synthesized Fe₂O₃-f-MWCNTs 
composite. Fig 3 shows the distribution of Fe₂O₃ 
nanoparticles on the surface of functionalized multi-
walled carbon nanotubes (f-MWCNTs). 

 

 
 

Fig. 3. TEM observation of individual MWCNT surface, which is decorated by Fe2O3 NPs 
 
Electrical properties of Ag-Fe₂O₃-MWCNTs-Ag 
structure 

 
To study the effect of carboxyl and hydroxyl 

group-functionalized MWCNTs on the electrical 
properties of Fe₂O₃, all three compositions were spin-

coated onto a polyceramic glass substrate in the form of 
thin layers. Electrical contacts were made using 
conductive Ag paste to create a planar contact. The 
current-voltage (I-V) characteristics of the samples 
were recorded at room temperature. Figure 1a shows 
the I-V curve for the Ag-Fe₂O₃-Ag structure.  
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Fig.4. a) Sample structure of VAC experiments; Current –voltage characteristic curves of 1) Ag– Fe₂O₃:  
           2) Ag–f-MWCNTs and 3)  Ag– Fe₂O₃–f-MWCNTs  structures. 

 
It is observed that in the sample with Ag paste 

contact on α-Fe₂O₃ (hematite), the current initially 
increases rapidly, but after approximately 2.4 Volts, it 
starts to change more slowly. This behavior suggests 
the formation of a Schottky barrier at the Ag/Fe₂O₃ 
interface. Due to the potential difference between the 
work function of silver (∼4.3-4.7 eV) and the electronic 
structure of α-Fe₂O₃, the current increases sharply 
initially through tunneling and thermionic emission. As 
the voltage increases, this barrier saturates, and the rate 
of current increase slows down. This phenomenon is 
also attributed to the oxygen vacancies and defects 
present in Fe₂O₃. Additionally, at low voltages, surface 
conductivity predominates, but as the voltage increases, 
bulk conductivity also comes into play, and the rate of 
current increase slows down. Such a dependence is not 
observed in the I-V curves of the Ag f-M and Ag-
Fe₂O₃/f-M CNT structures. Both structures show an 
ohmic region at low voltages, where the current 
increases linearly. However, as the voltage increases, 
the current starts to increase weakly in an exponential 
manner due to injection from the contacts.  
From these observations, it can be concluded that the 
incorporation of functionalized CNTs into the Fe₂O₃ 
structure significantly affects its electrical conductivity. 
Unlike the Ag-Fe₂O₃ structure, the Ag-Fe₂O₃/f-
MWCNTs structure exhibits more stable and controlled 
electrical conductivity. Such structures are considered 
promising for use as conductive layers in sensors and 
supercapacitors [22, 23]. 

 
CONCLUSION  
 

This study investigated the impact of carboxyl and 
hydroxyl group-functionalized carbon nanotubes 
(CNTs) on the structural and electrical properties of 
Fe₂O₃. An optimal and cost-effective method for 
synthesizing Fe oxide nanoparticles was developed.   
X-ray diffraction analysis confirmed the formation of 

α-Fe₂O₃, which crystallizes in a rhombohedral 
hexagonal phase. FTIR spectroscopy analysis of the 
prepared Fe₂O₃, functionalized multi-walled CNTs                         
(f-MWCNTs), and Fe₂O₃/f-MWCNTs composites was 
conducted and compared. The results concluded that 
Fe₂O₃ predominantly adopts an alpha phase structure, 
with some beta-phase components present. The IR 
spectrum of Fe₂O₃/f-MWCNTs was distinct from those 
of Fe₂O₃ and f-MWCNTs, indicating that the 
combination of these structures may lead to the 
formation of a new composite material with enhanced 
properties. The findings also revealed that the Ag-
Fe₂O₃ system exhibited a Schottky barrier at the 
Ag/Fe₂O₃ interface, causing a rapid increase in current 
at low voltages, followed by a slowing of current 
growth due to barrier saturation. This behavior was 
influenced by oxygen vacancies and defects in Fe₂O₃, 
as well as the transition from surface to bulk 
conductivity. In contrast, the Ag-Fe₂O₃/f-MWCNTs 
composite demonstrated more stable electrical 
characteristics. The presence of CNTs facilitated a 
more controlled and linear increase in current at low 
voltages, while exponential current growth was 
observed at higher voltages due to charge injection. 
These results suggest that the functionalization of 
CNTs significantly enhances the electrical properties of 
Fe₂O₃, thereby improving its overall performance. The 
incorporation of functionalized CNTs into Fe₂O₃ led to 
a notable improvement in both the material's 
conductivity and stability. Unlike the traditional         
Ag-Fe₂O₃ structure, the Ag-Fe₂O₃/f-MWCNTs 
composite exhibited more consistent and reliable 
electrical behavior. These results highlight the potential 
of functionalized CNTs to optimize the electrical 
properties of composite materials, opening the door for 
future applications in advanced electronic devices and 
energy storage systems. 
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