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Abstract. In this work, a simple method for the efficient and rapid synthesis of one-
dimensional hematite (a-Fe203) nanostructures is proposed based on a thermal oxidation
approach. This technique is to create iron oxide nanoleaf on the iron (Fe) substrate. The
oxidation was done at three different temperatures (200-600 °C) by oxidizing the Fe foils in a
chamber furnace. The low temperature thermal oxidation at 400 °C for 2 h resulted in the
formation of hematite iron oxide with good nanoleaf coverage on the foil surface. The
obtained nanostructures physical and structural characteristics were characterize using XRD,
and Raman spectroscopy. While their morphological characteristics were observed using the
FESEM. It was discovered that when the oxidation period lengthened, the peak intensities in
relation to the hematite increased. The duration of heating has a substantial impact on the
development and ultimate morphology of hematite. The creation of this nanostructured
formation's growth phenomenon was subsequently explained by a surface diffusion
mechanism. According to the X-ray diffraction results, the iron oxide nanoleaf was Fe3O4 and
o -Fe2Os after the oxidation. The dimension of the nanoleaf was found to be 20-60 nm and
lengths up to 1 um. These dimensions are dependent on the oxidation temperature. The
activation energy on the crystallographic plane and grain boundary has an impact on how
nanostructures grow during oxidation.
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Introduction

Iron oxide nanostructures are more affordable, have a higher surface area, and are
highly conductive. The indirect band gap of the n-type semiconductor iron oxide ranges from
1.9 to 2.2 eV, depending on the production technique [1]. Most iron oxide, however, is non-
toxic, corrosion-resistant, and acceptable for use in a variety of applications. Iron oxides are
also found in various significant geological and archaeological samples and in some
extraterrestrial materials [2]. Iron oxide often occurs in nature as the polymorphs hematite
(Fe203), magnetite (Fe3Os), and maghemite (Fe203). Hematite is a non-toxic, cheap, and
abundant form of earth. Particle size, lattice flaws, contaminants, and ion substitution are a
few characteristics that affect the magnetic property of hematite. Hematite can be used as a
catalyst, in photoelectrochemical cells, and as a photocatalyst. Recently iron oxide has been
known to be a promising adsorbent material for heavy metal removal [3]. A few studies have
demonstrated that iron oxide has a high adsorption capacity, which occurs through a
chemisorption process involving the hydroxyl group on its surface [4-6]. When in the form of
nanostructures such as nanowires or nanoleaf the efficiency of the absorption could be
doubled. According to research by Ren et al. [7] the porous fiber-like shape of -Fe2Os
demonstrated excellent adsorption of Cr(VI) from water, with rapid adsorption kinetics, high
adsorption capacity, and good reusability.

Many scientists have been concentrating on creating chemical and physical processes
for creating nanostructured materials. High-grade nanoparticles [8], nano-ovals [9], nanobelts
[10] and nanowires [11], or other nanostructures have been produced using a variety of
synthetic techniques. The oxidation process is known to be the most straightforward,
affordable, and capable of producing high stability phases in a direct manner. Other oxide
nanostructures such as whiskers, blades, and belts have been comprehensively studied in the
oxidation of other metals, such as Cu [12,13] and Zn [14,15]. Hence the marvels of oxide
creation from the oxidation of metals are not limited to Fe. Thermal oxidation offers a
simpler approach to forming oxide layers on the metal surface. Oxidation reaction can occur
either at high temperature or lower temperature which involves the diffusion of oxidant and
chemical reaction. The diffusion and reaction will eventually convert the metal surface into
metal oxide. By controlling the oxidation parameters, such as oxidation temperature, time,
and environment, distinctive nanostructures can be produced. Besides, it also offers high
purity and good oxide quality due to the absence of by-product contamination from the
reaction as well as no post-treatment required compared to the sol-gel or hydrothermal
process [16]. Thus, thermal oxidation is a fascinating method since it is easy, affordable, and
capable of producing high-quality direct iron oxide.

Over many years, there has been significant research on the oxidation characteristics
of iron. At oxidation temperatures between 400 and 1000 °C, it has been shown that hematite
(a-Fe203) nanowires are seen to emerge from the oxidized surface of iron [17-19]. According
to Vesel & Pichelin [17], the Nanowires with a diameter of about 20 nm and several nm
lengths grew on the substrate surface at a narrow temperature of about 900 °C. Budiman et al
[3] reported that coral-like and nanowire iron oxide nanostructures were produced at 700 and
800 °C. Meanwhile, Bertrand et al. [20] showed that the effect of water vapor influenced
low-temperature iron oxidation (260-500 °C). Thus, it is proven that the nanostructures of
iron oxide can be formed but at high temperatures with a controlled environment under vapor
influence. It is fascinating to study and investigate the possibility of producing nanostructures
at low temperatures without supplying any vapor to the process. This would very much lower
the cost and create a robust technique.
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The temperature plays a major role in determining the types of nanostructures that can
be produced. Hence, the impact of time and temperature on thermal oxidation was examined
by using a chamber furnace. The purpose is to study the optimum oxidation parameters for
the nanoleaf formation at low temperatures (300—400 °C) in a regular environment. Upon
oxidation, a formation mechanism for Fe2O3 nanoleaf is proposed where it is caused by the
stress-driven surface diffusion mechanism.

Materials and Methods

High-purity iron foils were processed utilizing ultrasonography and acetone for a
number of minutes. After that, they were thoroughly rinsed with deionized water and then
dried in an air stream using air gun. The samples were then thermally oxidized for varying
lengths of time at varying temperatures (200 °C, 400 °C, and 600 °C, respectively) in a tube
furnace. The temperature was ramped up to the target temperature at a rate of 10 °C/min for
oxidation periods of 90 and 120 minutes. Field-emission scanning electron microscope (FE-
SEM, S4800, Hitachi) connected with an energy dispersive X-ray (EDX) analyzer was used
for the morphology and elemental analysis of the nanostructures. The structural properties of
nanostructures were determined by using an X-ray diffractometer (X'pert-MPD PW3040,
Phillips) with CuK radiation as well as a Raman spectrometer (Uniram 3500) with a laser
wavelength of 532 nm.

Results and Discussion

FESEM images of iron oxide (Fe203) nanoleaf are shown in Figures 1(a) and (b).
These nanoleaf was thermally oxidized at 400 °C for 90 and 120 minutes, respectively. As
can be observed in Figure 1, growth of the nanostructure begins at the early stage, but after
90 minutes, the nanoleaf still has not completely covered the surface of the iron substrate,
presumably because there was not enough time for it to entirely form throughout the iron
substrate. The empty space spotted in Figure 1(a) reveals the Fe foil that acts as the substrate
for the nanoleaf growth. After 120 minutes of oxidation exposure, the full extent of nanoleaf
growth is visible. The leaf will develop into a thin sword shape with sharp points as the
amount of nanoleaf on the substrate grows over time. In addition, variations in the oxidation
time led to non-uniform in the length, diameter, and tip size of the nanoleaf. The nanoleaf
also developed over the substrate's uneven surface, indicating that there is some room for
further growth.

Figure 2(a) to (c) represents the image of FESEM for the top surfaces of nanoleaf on
the Fe substrate at different temperature. As seen in the figure, temperature also define the
growth of size distribution, diameter and type of nanostructure. At 200 °C there is no
indication of nanostructure formed on the substrate, as the temperature is not sufficient for
the oxidation to occur and it is below the oxidation temperature of iron (Fe). As a result, the
formation of oxide layer was not occurring on the Fe substrate as shown in Figure 2(a).
However, at 400 °C (Figure 2(b)), nanoleaf development was noticeable. The nanoleaf was
found to be a—Fe203 with typical diameters of 20-60 nm and lengths up to 1 um. A few
nanorod structures have grown on the substrate, but other structures, such as small leaves,
have not appeared on the substrate because the small nanostructures on the substrate were
consolidated due to diffusion process. A sample with an oxidation temperature of 600 °C was
physically observed to be disintegrated and the majority of the sample had turned red (Figure
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2(c)). Furthermore, uncontrolled airflow during heating has worsened the process and the
sample oxidized to 600 °C has formed a thicker oxide layer on the substrate.

Figure 1: FESEM images of Fe2O3 Nanoleaf oxide layer formed by thermal oxidation with
time (a) 90 minutes and (b) 120 minutes at 400 °C.

Basically, the driving force that controlled the mobility of the Fe and oxide ion
species was what started the formation of the Fe2Os nanoleaf. The existence of potential
differences during the oxidation process is due to temperature differences [19]. Fe ions
diffuse from the iron substrate core to the surface through the iron oxide interface during the
iron oxidation process. Whilst oxide ions diffuse in a reverse way. Figure 3 shows the
schematic of nanoleaf formation and the stress-driven mechanism of FexOs by diffusion. As
seen in the figure, the outward diffusion of Fe ions from the interface of Fe2Os | Fe3Oa to the
surface is by diffusion reaction at the interface. Then the ions diffuse from the Fe2Os3 interface
to the nanoleaf root and finally to the nanoleaf tip. This process is driven by the ions’
concentration gradient.
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Figure 2: FESEM images of cross sectional Fe2O3 nanoleaf at different temperatures (a) 200
°C (b) 400 °C and (c) 600 °C
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Figure 3: Representation of (a) nanoleaf formation and (b) stress-driven mechanism of
Fe203 nanoleaf growth by diffusion

Furthermore, at specific temperatures, the oxidation stress that causes higher
diffusion rates than lattice diffusion is probably the reason for the grain boundaries in the
FeO and Fe3O4 layers to develop. Besides, in the first part, Fe2Os phase might grow in all
directions but further growth only occurs in the [110] crystallographic direction. This is
because the direction is the most favorable, as it is much easier for diffusion and stacking.
The diffusion rate is enhanced in crystal defects like stacking faults at elevated temperatures
[13]. Surface diffusion is another method for getting Fe ions to the top of the Fe2O3 nanoleaf.
Then, the nanoleaf's sword-like structure, is wider at the bottom and gets thinner at the top.
This indicates that the growth is controlled by a diffusion process that originates at the
bottom of the leaves. According to the illustration (Figure 3), R represents the nanoleaf’s
radius and h represents its length.
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Figure 4 shows the XRD pattern of 90 and 120 minutes at 400 °C. The patterns show
that as time increases, there are more peaks to be found. The peak intensity changed over
time as well. Fe peak, though, may also be seen at 65.62°, at 90 and 120 seconds. Hematite
Fe203 peaks present at 20 = 35.831° (110), 43.766° (202), 49.940° (024), and 65.144° (300).
However, the peaks of Fe were too intense that has made the Fe2O3 become less prominent.
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Figure 4: XRD patterns for Fe2O3 Nanoleaf oxide layer formed by thermal oxidation at (a)
90 min and 120 min at 400°C

The Raman spectra for 90 and 120 minutes at 400 °C are shown in Figure 4. It
should be noted that the ideal conditions for forming a nanostructure on an oxide layer are
400 °C for 90 minutes. The bands at 227, 245, 293, 412, 499, and 612 cm™!, correspond to the
a-Fe20s phase [21]. A similar result is reported by Budiman et al [3] where they concluded
that the outermost oxide layer was a-Fe20O3 since Raman laser penetration is lower than XRD.
As there were no additional peaks, the Raman peaks for 90 and 120 minutes were equal, but
the intensity increased at 120 minutes compared to 90 minutes of oxidation. The intensity of
the peak relative to the hematite peaks, which is seen to be increased with oxidation time and
Hematite is the most stable form of iron oxide. Meanwhile, the lowest oxidizing time induces

magnetite or Fe3Oa.
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Figure 5: Raman spectrum for iron oxide formed by thermal oxidation process with time
at 400 °C in air condition.

Conclusions

In this work, the a- Fe2O3 nanoleaf was successfully formed on pure Fe foils by using
thermal oxidation at low temperatures. The stable form of iron oxide can be formed when the
Fe was oxidized at 400 °C for 2 h. In terms of Fe203 nanoleaf growth, the mechanism of the
reaction process has been observed. The formation mechanism is due to the effect of growth
time. As time increase, the nanostructure change from nanoleaf to nanowire and the width of
the nanostructure become smaller. The Fe203 nanoleaf structure can be achieved at 400 °C
but as long as the temperature increases, the length of nanoleaf will become longer.
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