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KEYWORDS Abstract Porous Fe,O; nanorods were obtained using a facile chemical solution method with
Fe,Os: subsequent calcination. The structures and morphological evolution were characterized by X-ray
Porous materials; diffraction, field emission scanning electron microscopy, thermogravimetric-differential thermal
Nanorod; analysis, and Brunauer—Emmett-Teller (BET) N, adsorption—desorption analyses. The calculated
Visible light photocatalysis; BET surface area of the porous Fe,O5 nanorods was 18.8 m* g~'. The porous Fe,O; nanorods were
Degradation used as a catalyst to photodegrade Rhodamine B, methylene blue, methyl orange, p-nitrophenol,

and eosin B. Compared to the commercial Fe,O; powder, the as-prepared porous Fe,O3 nanorods
exhibited higher catalytic activities owing to their large surface areas and porous nanostructures.
The photocatalytic reaction rate constant of the porous Fe,O; nanorods in the photocatalytic
decomposition of Rhodamine B under simulated solar light was calculated to be 0.0131 min™".

Moreover, the catalyst was found to have superior stability and reusability.
© 2015 King Saud University. Production and hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Textile dyes with high aromaticity and low biodegradability
are major environmental pollutants [1,2]. A large quantity of
organic dyes are used in printing, textile, paper and pharma-
ceutical industries. During these dying processes, a significant
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fraction of these dyes are lost and released into water streams.
In many situations, dye molecules are non-biodegradable, so it
is important to mineralize them in aqueous solutions. The
photocatalytic degradation of organic pollutants based on
inorganic semiconductors has attracted considerable attention
because they show promise for solving environmental
pollution problems [3-5]. Recently, nanostructured materials
have attracted considerable interest owing to their unique
properties and potential applications [6-9]. Therefore, the
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decomposition of organic pollutants using various nanomaterials
in the presence of sunlight has been a major topic. TiO,, a wide
band gap semiconductor, is one of the most effective photocat-
alysts for the degradation of organic and inorganic pollutants
as well as other toxic materials under ultraviolet (UV) light
irradiation [10]. Nanocomposites can improve the visible light
photocatalytic activities of wide band gap semiconductors. For
example, Cho et al. developed TiO, nanoparticles, Au@TiO,
and Ag@TiO, nanocomposites for the catalytic degradation
of dyes under visible light irradiation [11-13]. Furthermore,
Cho et al. also reported Au@CeO, and Ag@CeO, nanocom-
posites that possessed excellent visible light photocatalytic
activities [14,15]. Several kinds of ZnO based nanocomposites
also possessed excellent visible light photocatalytic activities
[16-20]. Although several types of visible light-active photocat-
alysts have been obtained, it is important to explore new types
of photocatalysts under visible light irradiation.

Iron oxide (a-Fe,O;, hematite) is a promising material for
photocatalytic applications owing to its narrow band gap of
approximately 2.2 eV, chemical stability and nontoxicity,
which absorbs light up to 600 nm, collects up to 40% of the
solar spectrum energy, and might be one of the cheapest
semiconductor materials [21]. By absorbing visible light, the
electrons of a-Fe,O5 are excited from the valence band to the
conduction band. These excited electrons and the correspond-
ing holes can activate the surrounding chemical species and
promote the chemical reactions [22]. For practical applications,
photocatalysts with a high surface area and favorable recycla-
bility are expected. Recently, nanostructuring techniques have
proven to be useful for increasing the performance of
a-Fe,O; for the photo-response, and a unique surface shape,
such as quantum dots and nanorods, can be expected to
increase the photoactive surface; hence, enhance the photocat-
alytic activity [23-27]. In fact, the particle size of ~10 nm was
close to the regime, where the quantum size effect is prominent.
The band positions will move and higher redox potentials of the
free electrons and holes will be achieved in this regime, which in
turn enhance the charge-transfer rates in the materials. The
increase in the charge transfer rates reduces the direct recombi-
nation rate of the charge carriers drastically, which may explain
why smaller size particles show higher photocatalytic perfor-
mance. Therefore, low-dimensional nanoscale materials may
improve the photocatalytic properties for the degradation of
organic pollutants owing to their special structure, morphol-
ogy, size and spatial arrangement, and quantum confinement.

2. Photocatalysis measurement

The photocatalytic activities of the porous Fe,O; nanorods
(the synthesis procedure is given in Fig. S1 in Supporting mate-
rials) and commercial Fe,O; powder (SEM image is given in
Fig. S1 in Supporting materials) were evaluated according to
the removal of the model dye pollutants such as RhB,
methylene blue (MB), p-nitrophenol (pNP), eosin B, and
methyl orange (MO) from the solution. The photocatalytic
experiments were carried out by adding 15 mg of the porous
Fe,O5 nanorods or commercial Fe,O; powder into 50 mL of
the organic dye aqueous solution with a concentration of
10 mg/L. The suspension was ultrasonicated for 30 min, and
then stirred for another 30 min in the dark to obtain the
adsorption equilibrium of the dye molecules before

illumination. The suspension was then irradiated with a
500 W Xe lamp (Shanghai Jiguang Special Light, China) with
a dominant wavelength from 250 nm to 1000 nm to simulate
solar irradiation. During the full irradiation process, the
suspension was stirred continuously. At a given time interval,
3 mL of the suspension was removed and centrifuged immedi-
ately to eliminate the solid particles. The changes in the optical
properties of the dyes were recorded on a Hitachi U-3010
UV-vis absorption spectrophotometer (Tokyo, Japan) at the
maximum absorbance peak. The maximum absorption wave-
lengths of RhB, MB, pNP, eosin B, and MO were 552 nm,
665 nm, 320 nm, 517 nm, and 462 nm, respectively. Using the
same method, the photodegradation rates of the other
pollutants in the presence of porous Fe,O; nanorods and
commercial Fe,O; powder were also measured.

3. Results and discussion

3.1. Structure and morphology

The porous Fe,O3 nanorods were produced using a two-step
procedure. First, the ferrous oxalate dihydrate (FOD,
FeC,042H,0) nanorod precursor was obtained from a
chemical solution process. Subsequent calcination of the
precursor yielded the porous Fe,O; nanorods. The crystal
phase of the FOD precursor was characterized by XRD, and
the data are shown in Fig. S2a. All the diffraction peaks of
the precursor were assigned to monoclinic FeC,042H,0
(JCPDS 72-1305). The reactions in the synthesis of FOD
nanorod precursor could be formulated simply as follows:

FCSO4 + H2C204 + 2NaOH = F€C204 . 2H20
+ NaZSO4 (1)

Fig. S2b shows that the XRD pattern of the sample
heat-treated to 500 °C in air for 2 h is completely different
from that of the precursor. The characteristic peaks of the
rhombohedral phase Fe,O; (JCPDS 89-2810) were observed.
This suggests that the FeC,042H>O decomposed and
rhombohedral phase Fe,O3; was formed when the sample
was heated in air to 500 °C.

The morphology of the precursor before and after calcina-
tion was characterized by FESEM. Fig. S3 shows FESEM
images of the FOD precursor and the corresponding Fe,O5
product after calcination. At lower magnification (Fig. S3a),
the precursor consisted of a large quantity of uniform rod-
like nanostructures with typical lengths ranging from 3 pm
to 9 um. The diameter of the FOD nanorods was in the range,
110-150 nm (Fig. S3b). After the thermal decomposition pro-
cess, the rod-like morphology remained intact, as shown in
Figs. S3c and S3d. On the other hand, nanometer-sized porous
architectures were observed as shown in the high magnification
image (Fig. S3d). The irregular pores of tens of nanometers
were distributed randomly in the nanorods due to thermal
decomposition of the FOD precursor.

Fig. S4a presents a typical transmission electron
microscopy (TEM) image of the porous Fe,O; nanorods.
The diameter of the porous Fe,O3; nanorods was ca. 120 nm.
Furthermore, the TEM images (Fig. S4b) confirmed the high
porosity of the Fe,O3 nanorods, which resulted from thermal
decomposition of the FOD precursor. Fig. S4c shows the
HRTEM image of the porous Fe,O3 nanorods. The distance
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between the parallel lattices was measured to be 0.368 nm,
corresponding to the (110) crystal planes of the rhombohedral
phase Fe,O;. A SAED pattern with some irregular dots, as
shown in Fig. S4d, also suggests a polycrystalline nature.

To validate the inner architectures of porous Fe,O3; nanor-
ods, nitrogen adsorption and desorption measurements were
performed to estimate the textural properties. Fig. S5 presents
the nitrogen adsorption and desorption isotherm and pore size
distribution curve (inset) of the porous Fe,O; nanorods cal-
cined at 500 °C. The isotherm of the porous Fe,O; nanorod
sample exhibited a hysteresis loop at p/py range, 0.87-0.97,
which is associated with the filling up and emptying of the
mesopores by capillary condensation. This clearly suggests
that the porous Fe,O3 nanorod sample exhibits large textural
porosity. The pore size distribution of the porous Fe,O;
nanorods shows a broad peak in the pore size region from
5.0 nm to 50.1 nm. Using the Barett—Joyner—Halenda method
and the desorption branch of the nitrogen isotherm, the calcu-
lated pore size distribution indicated that the material had a
mean pore size of 14.2 nm. Pores of various sizes were previ-
ously observed in FESEM and TEM images, in accordance
with these stochastic calculation results. The BET surface area
of the porous Fe,O; nanorods assessed by the BET method
was 18.8 m? g~!, which is higher than that of commercial
Fe,05 powder (7.7m”g~"). As a result of the large surface
area and mesoporous structure, the as-prepared porous
Fe,O3 nanorods have provided numerous active sites for sur-
face contact reactions, highlighting their potential applications
to photocatalysis with excellent performance.

The optical properties of the as-synthesized porous Fe,O;
nanorods and commercial Fe;O3 powder were examined by
UV-vis spectroscopy. As shown in Fig. S6, the porous
Fe,03 nanorods and commercial Fe,O3 powder showed band
edge absorptions at approximately 610 nm and 620 nm,
respectively. Fe,Oz is a n-type semi-conductor and the
absorption band gap (E,) can be determined from the follow-
ing equation: (ahv)®> = K(hv — E,), where hv is the photon
energy (eV), 4 is the absorption coefficient, « is a constant
and E, is the band gap. E, was found to be 2.15eV, from
the intercept of the straight line plot of (ahv)® vs. hv at
o = 0, which is blue shifted relative to the characteristic band
gap energy of the commercial Fe,O; powder (£, = 2.05¢eV).
The higher band gap compared to the commercial Fe,Os
powder was attributed to the decreasing particle size.

3.2. Photocatalytic properties of the porous Fe;03 nanorods

To evaluate the photocatalytic activity of the product, the
optical property changes of a RhB aqueous solution in the
presence of porous Fe,O; nanorods and commercial Fe,O5
powder under simulated solar irradiation for a constant time
were measured. Fig. | presents the time-dependent absorption
spectra of the RhB solution containing the porous Fe,O3
nanorod catalyst during the irradiation. Without a catalyst,
only a slow decrease in the concentration of RhB was detected
under the simulated solar irradiation (see Fig. 1b). On the
other hand, when porous Fe,O; nanorods and commercial
Fe,O5 powder were added to the reaction system, the degrada-
tion of RhB could be accelerated obviously. Fig. la shows
that the maximum absorbance at 552 nm decreases rapidly
with irradiation time. The absorption intensity of the peak
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Figure 1 (a) Changes in the absorbance spectra of the RhB in

aqueous solution (10 mg/L, 50 mL) in the presence of porous
Fe,O3; nanorods wunder the simulated solar light; (b)
Photodegradation plots of RhB under the simulated solar light
for different times in the presence/absence of the catalysts.

was reduced by approximately 28.1% when the solution had
been irradiated under simulated solar light for 30 min in the
presence of porous Fe,O; nanorods. After 90 min, the degree
of bleaching was 64.3%. After 180 min, the degree of bleaching
reached up to 87.2%, and after 270 min, the degree of bleach-
ing reached 97.0%. The absorption peak disappeared almost
completely, indicating that most of the RhB had been
degraded. The bleaching of the solution can be due to the
destruction of the dye chromogen. As no new absorption peak
was observed, the RhB is believed to have been decomposed
completely. By monitoring the RhB absorption peak at
552 nm, plots of the degradation ratio vs. reaction time were
obtained in the absence of a catalyst under identical condi-
tions. The degradation ratio was calculated with (1 — C,/C).
The normalized concentration of the solution equals the
normalized maximum absorbance, so Cy/C was used to take place
of Ay/A, where Cy and C are the initial and actual concentra-
tion of RhB, respectively. The photocatalytic decomposition of
RhB solution agrees with the pseudo-first-order kinetics [28].
As a result, the rate constants (k) can be calculated using the
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Figure 2 Photodegradation plots of (a) eosin B, (b) MB,
(c) p-nitrophenol, and (d) MO under the simulated solar light in
the presence of the porous Fe,O3 nanorod catalyst, in which C is
the concentration of RhB and Cj is the initial concentration.

equation: In(C/Cy)=—kt. The photocatalytic reaction rate
constant of RhB in the presence of porous Fe,O; nanorods
under simulated solar light was calculated to be 0.0131 min™~"'.
The catalytic activity of the porous Fe,O3 nanorods was higher
than that of the commercial Fe,O3 powder.

The photocatalytic properties for the degradation of RhB
suggest that the as-prepared porous Fe,O; nanorods have
potential applications in water treatment. The catalytic process
is mainly related to the adsorption and desorption of molecules
on the catalyst surface. After irradiating the porous Fe,O;
nanorods with visible light, the valance-band (VB) electrons
(e7) of the Fe,O5 are ejected into the conduction-band (CB),
generating holes (h™) in the valence band. The photo-
generated holes can react with adsorbed water on the surface
of the porous Fe,O3 nanorods to generate the highly reactive
hydroxyl radical (OH"), while O, acts as an electron acceptor
to form a superoxide anion radical (O3 ). Further the O3
can act as an oxidizing agent or as an additional source of
OH". These reactive radicals have strong oxidizing ability
and are able to degrade the RhB dye into non-toxic organic
compounds [29]. Without the porous Fe,O3; nanorods, some
RhB dye molecules were stimulated to excited state under vis-
ible light irradiation. The excited RhB molecules will release
electrons when they react with the oxygen molecules dissolved
in solution, while O, acts as an electron acceptor to form a
superoxide anion radical (O3 ). Further the O3 can act as
an oxidizing agent or as an additional source of OH-.
Therefore, the porous Fe,O; nanorods promote the
photodegradation process of RhB dye under visible light
irradiation. Compared to the commercial Fe,O3 powder, the high
specific surface area (18.8m>g') of the porous Fe,Os
nanorods results in a larger number of unsaturated surface
coordination sites exposed to the solution. Therefore, the porous
Fe,05 nanorods with large surface areas and small crystal size
can provide more active reaction sites and facilitates the sepa-
ration of electron-hole pairs during the photochemical reaction.

In addition to the degradation of RhB, the porous Fe,O3
nanorods were also used in photocatalytic degradation of
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Figure 3  (a) Catalyst recycling in the degradation of RhB in the
presence of porous Fe,O3; nanorod catalyst, in which C is the
concentration of RhB and C, is the initial concentration. (b)
Photodegradation efficiencies of five kinds of dye pollutants under
simulated solar irradiation in 180 min in the presence of the
porous Fe,O; nanorods Fe,O3; powder,
respectively.

and commercial

other dye pollutants under simulated solar irradiation, as
shown in Fig. 2. It can be seen that eosin B was also effectively
decomposed under the same experimental conditions as those
used in the degradation of RhB. After 30 min, the decoloring
degree of aqueous eosin B reached 14.9%, and after 60 min, the
decoloring degree achieved 32.7%. After 90 min, the decoloring
degree was up to 50.7%, and after 210 min, the decoloring
degree achieved 86.4%. The fitting of absorbance maximum
plot versus time indicates an exponential decay. The photocat-
alytic reaction rate constant of eosin B in the presence of the
porous Fe,O; nanorods under simulated solar light was
calculated to be 0.0101 min~'. However, the porous Fe,;O3
nanorods exhibited low photocatalytic activities to MB,
p-nitrophenol, and MO under the simulated solar light. The
order of degradation rate for all used dyes was as follows:
RhB > eosin B > MB > pNP > MO. The porous Fe,O3
nanorods exhibited high photocatalytic degradation performance
for RhB and eosin B, which is mainly due to the high
absorbability of the porous Fe,O3; nanorods for RhB and eosin
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B. In addition, the porous Fe,O3 nanorods can exhibit various
photocatalytic degradation performances for the dye
pollutants under different pH values, because the pH value
of the dye solution can affect the absorbability of the porous
Fe,O; nanorods for the dye pollutants. This will be
investigated in our further studies.

The stability and reusability of the catalysts are very
important issues for practical applications. The porous
Fe,O; nanorods could be recycled readily by simple centrifu-
gation after the reaction. The stability and reusability of the
porous Fe,O3; nanorods were examined by the repetitive use
of the catalyst. As shown in Fig. 3a, the catalysts did not exhi-
bit a significant loss of activity after five photodegradation
cycles of RhB. The photocatalysts after the reusability
experiments were further analyzed by XRD and SEM to study
the photostability of the porous Fe,O; nanorods. It was found
that the crystalline structure remained unaltered after the
photodegradation experiments, indicating their high photosta-
bility. The SEM results of the used samples were also found to
be the same morphologies as those of the fresh samples after
the photodegradation.

For comparison, commercial Fe,O; powder was also used
in photocatalytic degradation of the dye pollutants under sim-
ulated solar irradiation, as shown in Fig. 3b. Approximately
7.9% MO, 15.2% MB, 11.3% pNP, and 62.4% eosin B were
decomposed in the presence of the commercial Fe,O3; powder
in 180 min. The photodegradation ratios of MO, RhB, MB,
pNP, and eosin B in the presence of the porous Fe,O3 nanor-
ods under simulated solar irradiation in 180 min were 12.8%,
22.5%, 16.7%, and 82.6%, respectively, which are much
higher than those in the presence of commercial Fe,O5
powder. Obviously, the porous Fe,O3 nanorods showed differ-
ent activities in the photodegradation of these dye pollutants,
but their presence enhanced the degradation of all pollutants
mentioned above because of their large surface areas and
porous nanostructures.

4. Conclusions

Porous Fe,O; nanorods were synthesized using a surfactant-
free chemical solution method combined with a subsequent
annealing process. The as-prepared porous Fe,O; nanorods
exhibited high photocatalytic activities in the photodegrada-
tion of RhB and eosin B. The photocatalytic reaction rate con-
stant of RhB under the simulated solar light was 0.0131 min~".
Compared to the commercial Fe,O; powder, the as-prepared
porous Fe,O; nanorods exhibited higher catalytic activities.
The excellent photocatalytic property of the porous Fe,O3
nanorods benefited substantially from their unique porous
nanostructures, which provides more active reaction sites
and facilitates the separation of electron-hole pairs during
the photochemical reaction.
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