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Hematite (Fe2O3) thin films with different thicknesses are fabricated by the rf magnetron sputtering deposition. The effects of film
thicknesses on the photocatalytic activity of hematite films have been investigated. Hematite films possess a polycrystalline hexa-
gonal structure, and the band gap decreases with an increase of film thickness. Moreover, all hematite films exhibit good photo-
catalytic ability under visible-light irradiation; the photocatalytic activity of hematite films increases with the increasing film
thickness. This is because the hematite film with a thicker thickness has a rougher surface, providing more reaction sites for
photocatalysis. Another reason is a lower band gap of a hematite film would generate more electron-hole pairs under visible-light
illumination to enhance photocatalytic efficiency. Experimental data are well fitted with Langmuir-Hinshelwood kinetic model.
The photocatalytic rate constant of hematite films ranges from 0.052 to 0.068 min−1. This suggests that the hematite film is a super-
ior photocatalyst under visible-light irradiation.

1. Introduction

Many industrial dyes are toxic and carcinogenic [1, 2]. The
organic dyes present in industrial wastewater often pose
significant threats against human health and environmental
pollution control. Therefore, it is important to remove or-
ganic dyes from wastewater. However, wastewater exhibits
stable behavior under harsh conditions and resists biodegra-
dation, making it difficult to remove organic dyes easily.
Many wastewater treatment methods have been explored [3,
4], and the most commonly reported technique is the adsor-
ption technique [5, 6]. However, this method is now becom-
ing unpopular because it is expensive, and the adsorbent has
low recyclability [7–9].

Photocatalysis is an environment friendly process that
utilizes irradiation energy for catalytic reactions. Hence, pho-
tocatalytic technology has been widely investigated for appli-
cations to the decomposition of pollutants [10–12]. The pho-
tocatalytic decomposition of wastewater is a process that
combines heterogeneous catalysis with solar technologies
[13]. Researchers are especially interested in developing pho-
tocatalysts that can extend the absorption wavelength into
the visible-light region [14–16].

Hematites (Fe2O3) are minerals belonging to the group
of iron-oxide minerals; they have a hexagonal structure and
exhibit paramagnetic behavior. Moreover, they show strong
catalytic activity, widely and easily available, and are extre-
mely environment friendly. In particular, hematite may be a
promising candidate for visible-light photocatalysis—it can
absorb visible light, collect up to 45% of solar-spectrum
energy, and is one of the cheapest semiconductor materials
available.

Photocatalysts are usually in the form of powders and
thin films. The powders have a better adsorption activity and
photocatalytic efficiency than thin films because of a con-
siderably large surface area. However, the drawback of the
powders, especially nanopowders, is that they are not easy to
retrieve and may be harmful to human beings. In this study,
hematite thin films are employed for the removal of methy-
lene blue (MB) dye by photocatalytic decomposition. MB
is nonbiodegradable and extensively used in the industry;
therefore, it is selected as the model contaminant. The photo-
catalytic activity for different thicknesses of hematite thin
films (1H, 2H, and 4H) will be evaluated, and their thickness
dependence is discussed.
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Figure 1: XRD patterns of hematite thin films with different depo-
sition times.

2. Experimental

2.1. Preparation and Characterization of Hematite Thin Films.
The hematite thin films were grown using the rf magnetron
sputtering system on a Si(100) substrate. The Fe2O3 target
was prepared as the starting material. The deposition was
carried out at 600◦C in the atmosphere having an Ar/O2 ratio
of 14/6, at a total pressure of 20 mtorr. Several deposition
times of the Fe2O3 films were studied: 1.0, 2.0, and 4.0 hr,
which were in different thicknesses. The crystal structure of
Fe2O3 thin films was characterized by X-ray powder diffrac-
tion (XRD). The morphology and the grain size of Fe2O3

films were observed by a field-emission scanning electron
microscope (FE-SEM). Magnetic properties of Fe2O3 films
were measured by a superconducting quantum interference
device (SQUID) magnetometer at room temperature within
a magnetic field up to 1 T. The band gap of the specimens was
examined via a UV-Vis diffuse reflectance spectrometer.

2.2. Photocatalytic Experiment. In the photocatalytic exper-
iment, the degradation of MB (C16H18ClN3S•3H2O)
was measured under visible-light irradiation (wavelength
>400 nm) in a black box. The power of the visible light was
500 W. The visible-light lamp was placed vertically on the
closed reaction vessel at a distance of 60 cm. The reaction
system was kept at 25◦C with cooling water. The initial con-
centration of MB was adjusted to 1.0 ppm (100 mL), and
then, 1 cm × 1 cm of the Fe2O3 thin film (photocatalyst) was
added. After every measurement, the MB solution was cen-
trifuged and filtered, and subsequently, the 2 mL MB solution
was removed for concentration measurements. The varia-
tions in the MB concentration were measured using a UV-Vis
spectrometer (UV-Vis).

2.3. Photocatalytic Model. The kinetic mechanism is impor-
tant because it describes the removal rate of the photocatalyst
and controls the residual time of the entire process. The
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Figure 2: Plane view of FE-SEM images of hematite thin films with
various deposition times: (a) 1.0 hr, (b) 2.0 hr, and (c) 4.0 hr.

heterogeneous photocatalysis usually follows a pseudo-first-
order equation, which can be expressed by the Langmuir-
Hinshelwood kinetic model [17, 18]

rLH = −dC

dt
= k · KC0

1 + KC0
or ln

C

C0
= k′t, (1)

where rLH is the photocatalytic reaction rate, C0 is the initial
concentration, C is the concentration at time t, k is the reac-
tion rate constant, K is the equilibrium adsorption constant,
and k′ is the pseudo-first-order rate constant (photocatalytic
rate constant).
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Figure 3: Cross-section of FE-SEM images of hematite thin films
with different deposition times: (a) 1.0 hr, (b) 2.0 hr, and (c) 4.0 hr.

3. Results and Discussion

3.1. Characterization of Hematite Thin Films. The XRD pat-
terns of the prepared Fe2O3 films are shown in Figure 1. The
diffraction peaks can be identified as hematite with a hexa-
gonal structure, which is in agreement with the standard data
given in its JCPDS card (33-0664). No other impurity peaks
can be detected, and the diffraction intensity increases with
the increasing deposition time. Moreover, the strong and
sharp diffraction peaks of the films indicate well-crystallized
hematite films that can be easily obtained using the afore-
mentioned sputtering parameters.
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Figure 4: Magnetization plots as a function of magnetic field of
hematite thin films with various film thicknesses.

Table 1: Grain size, magnetic properties, band gap, and related
parameters of photocatalysis of hematite thin films with various
film thicknesses.

Properties 1H 2H 4H

Film thickness (nm) 172 367 553

Particle size (nm) 17 35 77

Band gap (eV) 2.77 2.74 2.71

Maximal magnetization (emu/cm3) 4.7 8.6 22.6

Rate constant (1/min) 0.052 0.055 0.068

The film thickness, morphology, and grain size of the
hematite thin films investigated by FE-SEM are shown in
Figures 2 and 3. The film thickness of hematite films is 172,
367, and 553 nm for the deposition time of 1.0, 2.0, and
4.0 hr, respectively. All the films have fine and irregularly
shaped crystal grains, and the grain size gradually increases
with an increase in the layer thickness (deposition time). The
grain size of hematite films is around 17, 35, and 77 nm, and
we name these films 1H, 2H, and 4H, as listed in Table 1.

The magnetization plots as a function of magnetic field,
at 300 K, are shown in Figure 4. All the three specimens
exhibit superparamagnetic behavior however, the bulk mag-
netite is paramagnetic. The maximal magnetization increases
with the increasing film thickness of hematite films, which is
in agreement with the previous studies [19, 20]. The results
suggest that hematite films could be manipulated or recov-
ered rapidly by an external magnetic field. Furthermore, the
nonmagnetic impurities can be excluded during hematite
films recovery.

The absorbance of the UV-Vis diffuse reflectance spec-
trum for hematite films is shown in Figure 5(a); the absor-
bance for the three samples is fairly high and within the
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Table 2: The comparison of photocatalytic activity for various photocatalysts.

Photocatalyst Material Rate constant (k′: min−1) Reference

Nanohematite Congo red 0.0026 [21]

Fe2O3/RR (20 mM H2O2) Orange II 0.0029 [22]

Fe2O3 thin film MB dye 30% [23]

TiO2/Fe2O3 thin film MB dye 15% [23]

α-Fe2O3/SnO2 thin film 2-naphthol 8% [24]

Fe2O3 nanorod thin film Rhodamine B 0.3% [25]

Fe2O3 thin film MB dye 0.068/99% This study
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Figure 5: The absorbance of the (a) UV-Vis diffuse reflectance spectrum, (b) Tauc plot for hematite thin films with different film thicknesses.

region of visible-light wavelength. This result indicates that
the photocatalytic properties of hematite films may exist
under visible-light irradiation. By using the absorbance pat-
tern and the following equation [21]: αhν = A(hν− Eg)0.5

(where α is the considered absorption coefficient, A is a
constant, h is Planck’s constant, ν is the photon frequency,
and Eg is the optical band gap energy), an extrapolation of
the linear plot of (αhν)2 on the y-axis versus (hν) on the x-
axis gives the Eg value. The estimate Eg is to be approximately
2.77, 2.74, and 2.71 eV for 1H, 2H, and 4H, respectively
(Figure 5(b)). It is observed that the band gap of hematite
films increases with a decrease of film thickness (grain size).
It has been reported by Bao et al. [22] and Miller et al. [23]
that the film with a small grain size would have a high poten-
tial barrier at the grain boundary; thus, it has a large band
gap. An increase of the band gap with a decrease of the grain
size (film thickness) is also associated with the quantum size
effect, which is reported by Lee et al. [24] and Ubale et al.
[25].

3.2. Photocatalytic Activity of Hematite Thin Films

3.2.1. Time Effect of Photocatalysis. The changes in the MB
concentration as a function of time in the presence of visible

light for hematite thin films (1H, 2H, and 4H) are shown in
Figure 6(a). The degradation efficiency is higher during the
early stages of the reaction and decreases with time until the
end of the reaction. It can be found that the photocatalytic
ability increases with an increase of film thickness. The pho-
tocatalytic efficiency at the reaction time of 60 min is 95%,
99%, and 99% for the films of 1H, 2H, and 4H, respectively.

3.2.2. Photocatalytic Kinetics. The kinetics of the degradation
reaction is investigated by plotting the variations in MB con-
centration with time (Figure 6(b)). A linear section is obtain-
ed within the reaction time. The obtained values of the rate
constant (k′) of the photocatalytic reactions are summarized
in Table 1. The results reveal that the photocatalytic degra-
dation of MB dye obeys the rule of the pseudo-first-order
kinetic reaction. Moreover, the corresponding rate constants
are 0.052, 0.055, and 0.068 per min with the increasing film
thickness. Note that these radicals initially lead to the gene-
ration of free electrons and holes in the conduction and
valence bands of the solid. They also lead to the formation of
surface excited states that subsequently react with the surface
molecules of the reagents and then accelerate the decompo-
sition reaction rate as the film thickness of hematite films
increases. The reason for a better photocatalytic ability of
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Figure 6: (a) Plot of photocatalytic efficiency versus the degradation time for the hematite films; (b) plot of log C/C0 versus irradiation time
for hematite films.

the hematite film with a thicker film thickness is a large sur-
face roughness and a small band gap. A large surface rough-
ness provides a large number of reaction sites for photocatal-
ysis; a small band gap generates more electron-hole pairs
under light irradiation. Consequently, a thicker hematite film
has a better photocatalytic activity.

Previous studies have shown that the photocatalytic rates
constant of the nanohematite and Fe2O3/RR (0.02 M H2O2)
are 0.0026 and 0.0029 min−1, respectively [26, 27]. Moreover,
the photocatalytic efficiency at the reaction time of 60 min
for Fe2O3 thin film, TiO2/Fe2O3 thin film, α-Fe2O3/SnO2

glass thin film, and Fe2O3 nanorod thin film is 30%, 15%,
8%, and 0.3% [28–30]. The detailed comparisons of photo-
catalysts are listed in Table 2, which indicates that the pho-
tocatalytic activity of hematite thin films is competitive with
the reported literatures. Therefore, the hematite thin film can
act as a good photocatalyst under visible-light excitations,
and it is able to successfully utilize solar energy for perform-
ing photocatalysis.

4. Conclusion

In this study, it is observed that hematite thin films with
different film thicknesses can be fabricated by the rf magnet-
ron sputtering deposition. The FE-SEM images show that the
grain size and the surface roughness increase with an increase
in the film thickness. The band gap decreases with the in-
creasing grain size (film thickness) because of the potential
barrier at the grain boundary. The result of the photocatalytic
degradation of MB reveals that all the films have a good pho-
tocatalytic ability; a thicker hematite film, with a larger grain
size, has a better photocatalytic efficiency because of a smaller
band bap and a rougher surface. We believe that with contin-
ued development, this type of thin film will have the potential
to be employed in environmental remediation applications.
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