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Abstract. Iron oxide is a compound that exists in several forms such as FeO, Fe>Os, and
Fe;O4. In this study, iron oxide was incorporated with multi-walled carbon nanotubes
(MWCNTs) to create a nanocomposite material for photocatalysis. The interaction between
carbon and iron oxide is to investigate to improve the efficiency and stability of
nanocomposites as photocatalysts. This nanocomposite is made by depositing MWCNTSs on
an iron sheet after being oxidized at 400 “C for 60 or 120 minutes. By using a spin coating
technique, carbon nanotubes weighing between 0.15 and 0.50 mg were coated on the iron
oxide that is formed after the oxidation process. The morphological and structural
characteristics of this nanocomposite are characterized using different characterization
techniques, including Raman spectroscopy, UV-Vis spectroscopy, field emission scanning
electron microscopy (FESEM), and X-ray diffraction (XRD). Based on the XRD analysis, the
a-Fe;Os3 structure was formed and FESEM images have shown that MWCNTs were
successfully deposited onto the surface of a-Fe,Os; nanoleaves. When the photocatalytic
activity of the nanocomposite was examined using aqueous methyl orange (MO), it was
discovered that the quantity of MWCNTs deposited on the a-Fe,O3; nanoleaves affected the
effectiveness of MO dye. After five hours of exposure, a composite with 0.25 mg of
MWCNTs demonstrated superior photocatalytic activity, degrading MO dye by 64%. On the
surface of the nanocomposite, MWCNTs aid in the production of reactive radical species like
OHe and O>¢ and lessen the recombination of photo-generated charge carriers. Because of
this synergistic mechanism, the photocatalytic process is more efficient, which makes iron
oxide nanocomposite a practical material for a range of environmental application.
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1. INTRODUCTION

In recent years, the escalating levels of environmental pollution without viable
solutions have become a focal point of scientific inquiry. The increase in environmental
issues, particularly the surge in wastewater discharge containing organic dyes, has raised
concerns within society. Consequently, photocatalysis has garnered significant interest for its
role in mitigating the degradation of diverse dyes and contaminants present in wastewater.
This attention is due to its environmentally sustainable, cost-effective, and eco-friendly
nature, making it a promising avenue for addressing water pollution challenges.

Various materials were explored to address water contamination issues through
photocatalysis. Zinc oxide (ZnO) and titanium dioxide (TiO) are well-known photocatalysts
and work efficiently in breaking down organic contaminants. Nevertheless, iron oxide does
also demonstrate notable catalytic activity. Iron oxide nanostructures stand out as strong
candidates for this application due to their large surface area, superior conductivity, and
affordability [1]. There are three different types of iron oxide: hematite (a-Fe2Os3), maghemite
(c-Fe203), and wustite (FeO) [2]. Of these, a-FeoO3 has the most advantageous properties,
including a 2.1 eV band gap [3], non-toxicity, low cost, and strong chemical stability in
aqueous solutions. Additionally, it has a wide range of uses in the cement industry, water
splitting, gas detection, solar energy conversion, lithium-ion battery manufacturing, water
purification, and pigmentation, attracting more attention to the manufacture of iron oxide
nanoparticles in these fields.

To date, several synthetic methods have been created for a-Fe,Os nanostructure
production, including hydrolysis of iron salt, sol-gel, oxidation, and hydrothermal synthesis.
Among these methods, thermal oxidation stands out for its low cost, simplicity, and
robustness. Srivastava et al. [4] have noted that oxidation, as a straightforward annealing
treatment, holds promise for commercial-scale production. Furthermore, nanostructured
morphology can be finely tuned by adjusting the oxidation temperature and environment.

Despite the advantages the iron oxide produces through the oxidation process, the
standalone iron oxide may not suffice to enhance the catalytic process due to the
recombination generation of photo-induced electrons and holes [5]. The low quantum yield of
the photo-oxidation reaction of a-FeO3 is the fundamental impediment preventing its
practical application. Consequently, the coupling of iron oxide with other materials becomes
essential to enhance and optimize the photocatalytic properties. Carbon-based materials are
increasingly being utilized for the surface modification of iron oxide due to their unique
properties and potential applications. These materials offer several advantages, such as
chemical stability which contribute to the long-term performance and functionality of the
structure, and versatility where they come in various forms, including carbon nanotubes,
graphene, and carbon dots. This versatility allows for the selection of the most suitable
material based on the desired characteristics and finally enhances the performance of
photocatalysis. Hence, this work aims to construct a composite system comprising multi-
walled carbon nanotubes (MWCNTSs) to overcome the weakness of o-FexOs. The
combination of these materials involves using MWCNTs as trapping agents to prolong the
recombination of electrons. This extension of recombination helps to increase the absorption
wavelength from UV to visible-light area, hence enhancing the creation and separation of
photogenerated carriers in photocatalytic applications. The photocatalytic reaction
mechanism of the FeO3-MWCNTs involves a series of processes where the interaction
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between the Fe;O3-MWCNTs leads to enhanced photocatalytic performance. When exposed
to light (typically UV or visible light), iron oxide-MWCNTs nanocomposites absorb photons.
The absorbed energy excites electrons from the valence band to the conduction band in the
iron oxide. This light-induced excitation creates electron-hole pairs (e-h*) within the iron
oxide. Electrons (e”) move to the conduction band, leaving behind positively charged holes
(h™) in the valence band. The generated electrons and holes participate in surface reactions
where electrons reduce adsorbed species (e.g., organic pollutants) on the iron oxide surface
and holes oxidize water or other molecules, producing reactive oxygen species.

Carbon nanotubes possess distinctive physical and chemical properties that have
captured significant attention in the industry today. Among the remarkable physical attributes
of carbon nanotubes is their capability to achieve thickness down to a single atomic layer.
Combining these features with the magnetic properties of iron oxides results in the creation of
effective photocatalytic materials, particularly those beneficial for magnetic adsorbents and
photocatalyst applications.

In this study, the integration of multi-walled carbon nanotubes with iron oxide was
achieved through the spin coating technique to fabricate the nanocomposite. Spin coating
stands as a well-established method for uniformly depositing carbon nanotubes onto various
surfaces. Moreover, the thermal oxidation process employed on iron foil facilitates the
creation of the a-Fe>O3; nanoleaf structure. The integration of MWCNTSs, spin coating, and
thermal oxidation adds novelty to this study, enabling the fabrication of a promising iron
oxide-MWCNTs nanocomposite with enhanced efficiency and stability of as photocatalysts.

2. MATERIALS AND METHODS

The methodology of the study involved the synthesis and characterization of a-
Fe>O3/ MWCNTSs nanocomposites for photocatalytic applications, highlighting their potential
as efficient photocatalysts for the degradation of organic pollutants in wastewater treatment
applications. Iron (Fe) foils with a 0.1 mm thickness were used as substrates for oxidation.
The foils were cut into 1.0 cm x 2.0 cm and ultrasonically cleaned in acetone and ethanol for
10 minutes, followed by being rinsed in distilled water. Finally, the foils were dried using an
air stream. The thermal oxidation method was used to grow the nanostructure oxide layer due
to its simplicity and robustness to produce the a-Fe,Os. It was carried out by using the
chamber furnace (Nabertherm) at room temperature with normal air. At this stage, the
alumina boat containing the sample substrate was loaded into the middle of the furnace.

Two different oxidation durations (90 and 120 °C) were performed at constant
temperature to determine the optimum time required for the formation of a-Fe;Os. The
MWCNTs obtained from CNano Technology have an average length and diameter of 10 pm
and 11 nm, respectively and purity over 95%. These nanotubes were then chemically
functionalized with —COOH groups using HNO3 to improve their properties. As for the
nanocomposite formation, different solvents were used to disperse 0.25 mg/ml MWCNTs.
The solvents were dimethylformamide (DMF), acetone and sodium dodecyl benzene
sulfonate (SDBS). All the dispersions were sonicated for 10 minutes using an ultrasonic
probe. During the formation of iron oxide/MWCNTs nanocomposites, spin coating processes
were used to deposit the dispersed MWCNTs onto the iron oxide nanoleaves. The spinning
time and acceleration were set at 120 seconds and 3000 rpm respectively. The process was
run for five cycles to obtain a homogenous distribution on the iron oxide surface. Finally,
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after the spin coating process, the heat treatment was done on the nanocomposite to help
improve adhesion between MWCNTs and the iron oxide. The degradation testing was
performed using a germicidal UV-C 150 W lamp and UV radiation acting as a light source,
which was positioned 20 cm away from the dye solution. A cooling fan was used to cool the
chamber and temperature was kept at around 25 °C.

3. RESULTS AND DISCUSSION

Figure 1(a) and (b) showcases typical FESEM images of the as-prepared iron oxide
nanoleaf structures subjected to different durations of thermal oxidation: 90 and 120 minutes
at 400 °C. Images (i) depict the top-view surface morphology, while (ii) illustrate the cross-
sectional structures. The coverage of nanoleaf growth is seen at 90 min and 120 min.
However, full coverage of nanoleaf growth can be seen after 120 minutes of oxidation.
Oxide nanoleaf formation was driven by stress accumulation during thermal oxidation.
Rackauskas [6] describes the oxidation process through the diffusion of Fe ion to the surface
of the substrate from grain boundaries to the tip by stacking faults and surface diffusion.

Figure 1: FESEM images of a-Fe>O3 nanowires formed by thermal oxidation at 400 °C for
different durations: (a) 90 minutes and (b) 120 minutes. Images (i) show the top view, while
(i1) show the cross-section morphologies
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The iron oxide layer will eventually grow into a thin, sword-shaped structure with
sharp points, resembling the leaves of corn plants, and the density of nanoleaf will increase
on the substrate. The nanoleaf's uniformity in length, diameter, and tip size is a result of the
variance in oxidation time. Additionally, because of the difference in diffusion rate, the
growth of nanoleaf on the substrate also occurs in random areas [7].

XRD analysis was done to investigate the crystal structure of iron oxide and the result
is shown in Figure 2. The XRD patterns reveal the presence of three iron oxide phases
resembling the structures of iron (Fe), magnetite (Fe3Os), and hematite (a-Fe>O3). At the 90
minutes oxidation time, the transformation of peaks into hematite is not complete, primarily
attributed to insufficient time and temperature to convert all oxide species into the hematite
phase. At this stage, Fe peaks is also detected due to the removal of the nanowire structure.
This structure comes from the Fe substrate itself, rather than the iron oxide layer. Figure 2
similarly demonstrates clear patterns, with the highest level of intensity observed in Fe;O4
and a-Fe>O3 after being oxidized for 120 minutes. The reason for this result can be attributed
to the selective enhancement of the crystalline structure of hematite within the layer of
oxidation that is generated during this phase. Simultaneously, the substrate peak of Fe at
44.67° and the peak at 65.02°, both at 120 minutes, start to decrease indicating an increased
thickness of the oxide sample, which has mainly undergone complete oxidation
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Figure 2: XRD patterns for iron oxide substrates formed via thermal oxidation at 400 °C
for durations of 90 and 120 minutes. "Fe" denotes iron, while "M" and "H" signify
magnetite (Fe3O4) and hematite (a-Fe2O3), respectively

The presence of iron oxide phases was verified through Raman spectroscopy, as
depicted in Figure 3. The Raman spectra exhibit the oxidation samples at 90 and 120 minutes
at 400 °C. Notably, two distinct peaks (227 and 662 cm!) corresponding to a-Fe»O; and
Fe;04 are evident in both samples, with no other detected phase observed. The intensity of
the peak at 120 minutes signifies a complete conversion to hematite, the most stable phase in
the oxidized layer, and exhibits an increase with prolonged oxidation time. At the lowest
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oxidation time (90 minutes), non-hematite iron, specifically magnetite or Fe3Os, is indicated
in the oxide layer. Moreover, the prominent formation of hematite at longer oxidation times is
attributed to the further oxidation of magnetite initially formed during shorter oxidation
periods. Nevertheless, the contribution of peaks from the substrate (Fe) cannot be
disregarded. The results closely align with the Raman shift of a-Fe.O3 phases reported by

Zhong et al. [8].
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Figure 3: Raman spectra for iron oxide formed through thermal oxidation at 400 °C for
various durations in air

The development of nanocomposite a-FeoO3/MWCNTs is done by depositing
MWCNTs on a-Fe;Os by spin coating. During this deposition process, different solvents are
used to disperse the MWCNTSs before the spin coating process. The dispersion process is
required in order to facilitate MWCNTs being evenly spread on the a-Fe>Os substrate during
the spin coating process. Thus, different solvents give different wettability interactions
between MWCNTs and o-Fe2Os. Figure 4 shows the FESEM images of nanocomposite
samples prepared by dispersing MWCNTs in different solvents.
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Figure 4: FESEM images of a-FeoO3/MWCNTs nanocomposite dispersed in different
solvent (a) acetone, (b) DMF and (¢) SDBS
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In Figure 4(a), the acetone solvent shows a well spread MWCNTSs on the FeOs
nanostructure, but still has a small aggregate of MWCNTs on nanowires structure.
Meanwhile, SDBS in water-soluble (Figure 4(c)) has shown an agglomeration of MWCNTSs
on the nanostructure. DMF solvent has shown a good distribution on the nanostructure. The
coverage of MWCNTs on the nanoleaf structure when Acetone and DMF solvent is used has
shown a good distribution due to the fact that the surface tension of both of solvents (DMF =
37.10 mN/m, Acetone = 25.20 mN/m) are lower and less than the critical surface tension of
the iron oxide substrate (107 mN/m) [9]. This will enhance wettability, resulting in lower
contact angles. The high polar wettability of DMF facilitates rapid and uniform solution
spreading during spinning. As per Choi et al. [10], the low surface tension of DMF at the
liquid/solid interface enhances layer uniformity and promotes thin film coverage (see Figure
4(b)). Moreover, MWCNTs dispersion in DMF solvent is excellent, leading to nearly
complete coverage and thin film formation due to its low hydrogen bond donation parameter
(o), abundant free electron pair availability (), and high solvatochromic parameter (m) [11].
Hence, DMF emerges as one of the optimal solvents for MWCNTs dispersion.

Assessing the photocatalytic efficacy of the samples (pristine a-Fe O3, o-
Fe;O3/MWCNTs 0.15 mg, a-Fe:O3/MWCNTs 0.25 mg, a-FeoOs/MWCNTSs 0.35 mg, and a-
Fe;O3/MWCNTs 0.5 mg nanocomposites) involved the degradation of methyl orange dye
under a UV light source. The dye is expected to adsorb onto the photocatalyst's surface and
degrade in the presence of light. Figure 5 illustrates the dye concentration over time during
degradation. Clearly, the concentration of methyl orange dye decreases gradually in the
presence of the photocatalyst. Pristine a-Fe;Os3 exhibits poor photocatalytic performance,
with only 28% degradation efficiency over 5 hours of UV irradiation. This poor response is
attributed to the rapid recombination rate in pure a-Fe>Os, leading to inadequate dye
degradation [12]. Meanwhile, the degradation increase for the 0.15 sample is probably due to
the saturation of adsorbed pollutants, reducing further degradation efficiency. With the small
amount of MWCNTs the active site may be very limited. Moreover, as reaction time
increases, more charge recombination occurs, diminishing degradation rates.
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Figure 5: Degradadation of methyl orange over 5 hours
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To address this issue and enhance degradation efficiency, researchers have explored
the formation of nanocomposites. Incorporating carbon nanotubes (MWCNTSs) into the
composite significantly boosts degradation efficiency compared to pristine o-FexOs.
Specifically, the addition of 0.25 mg of MWCNTs results in a notable 64% degradation,
highlighting the favorable interaction between the nanowires and MWCNTs. This interaction
leads to a uniform coating, indicative of the significant improvement in degradation
performance. The outstanding photocatalytic activity can be attributed to the synergistic
effects of iron oxide and carbon nanotubes (MWCNTs). As the band gap for this
nanocomposite is altered due to the heterojunction between p-type MWCNTSs and n-type
Fe2O3 which helps reduce the recombination rate of photoinduced electron-hole pairs. The
MWCNTs act as an electron sink, reducing the recombination rate of charge carriers. These
components efficiently inhibit the recombination of photo-generated charge carriers and
facilitate the generation of highly active radical species like OHe and O»e radicals on the
surface of the MWCNTs. However, when the MWCNTs content exceeds 0.25 mg,
degradation performance decreases. This decline is attributed to excessive MWCNTs
interacting with the nanoleaf, potentially obstructing UV light interaction with iron oxide.
Consequently, the formation of electron-hole pairs through UV light interaction with iron
oxide may be obstructed.

4. CONCLUSIONS

The thermal oxidation and spin coating methods were successfully synthesized the
nanocomposite o-Fe2O3/MWCNTs. According to FESEM and XRD investigations, the
nanocomposite is made up of a-Fe,O3; nanoleaf structure with MWCNTs lying on the leaf
structure. The a-Fe2O3/MWCNTs composite exhibits a noteworthy enhancement in
degradation efficiency when compared to pristine a-Fe>Os. The enhanced photocatalytic
activity can be attributed to the synergistic effect of iron oxide and carbon nanotubes
(MWCNTs), thus improving the overall photocatalytic performance. MWCNTs can facilitate
the migration of excited electrons from the conduction band of Fe;Os to electron acceptors on
the MWCNTs surface, reducing electron-hole recombination and enhancing the degradation
of pollutants. The presence of MWCNTs also lead to the formation of highly reactive radical
species, such as hydroxyl radicals (¢*OH) and superoxide radicals (Oz¢), on the MWCNTs
surface. These radicals play a crucial role in the degradation of organic molecules in
wastewater by initiating oxidation reactions.
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