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Abstract

Iron oxides were synthesized by solution combustion synthesis using glycine (fuel) and ferric nitrate (oxidizer) as raw materials. The effects of
the fuel to oxidizer ratio, ¢, on the combustion behavior, phase, morphology and surface area of the products were systematically studied. Pure
hematite was synthesized directly by the combustion of the precursors under fuel-lean conditions in one step without further heat treatment,
simply by selecting a proper fuel to oxidizer ratio, ¢». The hematite has a highly mesoporous structure with specific surface area of 103 m* g' and
an average size of about 20 nm, which was obtained at ¢)=0.3. The hematite displays a continuous absorption band in the visible region. The
photocatalytic activity of the hematite was evaluated by degrading the methylene blue pollutant in water at ambient temperature. The synthesized
mesoporous hematite is a promising visible light photocatalysts for organics decomposition.

© 2014 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Semiconductor catalysts have been widely applied as
photocatalyst in solar cells, water splitting, lithium ion
batteries, gas sensors, and waste water treatment [1-5].
Hematite (a-Fe,Os3) has a band gap of 1.9-2.2 eV, and could
be a potential semiconductor catalyst of visible light driving
[6]. Moreover, compared with other narrow band gap semi-
conductors (CdS, Bi,WOg, Zn,In,S,), a-Fe,O5 has excellent
environmental compatibility and lower cost [7—10]. Due to
these attractive characteristics, many efforts have been made to
synthesize a-Fe,O3 photocatalysts, e.g. hydrothermal, atomic
layer deposition, ultrasonic spray pyrolysis and low tempera-
ture reflux condensation methods [11-14]. These results
indicate that mesoporous nanocrystalline o-Fe,O3 displays
excellent catalytic activity and the mesoporous materials have
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lots of advantages in photocatalytic applications [15,16] due to
the large surface area generated by mesopores, high surface-to-
volume ratio, particular morphology, well-defined topology,
and pore diameter. Hence, it is of significant interest to develop
a simple, inexpensive method to prepare mesoporous nano-
crystalline a-Fe,O5 with high specific surface area.

Solution combustion synthesis (SCS) is a well-known
method for the preparation of nanocrystalline oxides [17-21].
In this method, oxidizer (usually in the form of nitrates) is
dissolved in water along with fuel (usually urea, glycine
citrate, and so on). The solution is then heated in an open
container on a hotplate, evaporating water and, upon reaching
a critical temperature, causing the decomposition of the nitrate,
which ignites the fuel. The advantages of this synthesis
technique include low external heating requirements (as the
fuel provides energy for product formation), precursor mixing
at the molecular level, ensured by the reagent dissolution in
water, and product with high specific surface area synthesized
due to a large volume of gases liberated during the combustion
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reaction. This method has been regarded as effective and
economic due to its energy saving, convenient processing,
simple experimental set up, significant time savings and high
purity products. Because of these advantages, various iron
oxides have been prepared by the SCS. For example, Toniolo
et al. [22] have reported synthesis of a-Fe,Os/Fe;0,4 composite
by combustion synthesis with ferric nitrate-urea precursor.
Deshpande et al. [23] prepared ferrimagnetic Fe;04 powders
by conducting the combustion reaction between ferric nitrate
and hydrazine, or glycine in argon atmosphere. Hu et al. [24]
have reported the auto-combustion reaction of the citrate-ferric
nitrate precursor, which yielded a-Fe,O5; powder.

In this work, mesoporous nanocrystalline a-Fe,O3 was synthe-
sized from the combustion reaction of glycine (fuel) and ferric
nitrate (oxidizer). Effects of fuel to oxidizer ratio on the combustion
reaction, the phase, morphology and specific surface areas (SSA)
of the products were investigated in detail. The photocatalytic
experiments indicated that the synthesized a-Fe,O; is a promising
candidate for the catalytic decomposition of organics.

2. Experimental
2.1. Synthesis

The products were prepared by solution combustion synthesis
using ferric nitrate [Fe(NO3); - 9H,O] as the oxidizer and glycine
[NH,CH,COOH] as the fuel. Analytical reagent grade chemicals
were purchased commercially. As a typical sample preparation
procedure, Fe(NO3); - 9H,0O and NH,CH,COOH were dissolved
in 150 mL deionized water under stirring to obtain a homo-
geneous solution. The mixture was filled in a 500 mL glass, and
heated in air in a temperature-controlled electrical furnace. As
heating continued, the solution evaporated and formed a gelati-
nous mass. It took several minutes to form this gelatinous mass.
Upon further heating, the resultant mass suddenly swelled,
accompanied by the release of lots of gases. The whole process
of gel swelling and combustion appeared to undergo a self-
propagating and non-explosive exothermic reaction, which took
short time, resulting in fragile and foamy products.

2.2. Characterization

The products were analyzed by X-ray diffraction (XRD)
using Cu-K, (A=0.1542 nm) radiation (Rigaku, D/max-RB12).
The morphology of the prepared products was studied by
scanning electron microscopy (SEM, JSM-5600) and transmis-
sion electron microscopy (TEM, Tecnai G2 F30 S-TWIN). The
X-ray photoelectron spectroscopy (XPS) analysis was carried out
using AXIS Ultra DLD spectrometer equipped with an Al Kot X-
ray source and electrostatic hemispherical electron analyzer. The
SSA was estimated by applying the Brunauer-Emmett-Teller
(BET) method by using an Automated Surface Area & Pore Size
Analyzer (QUADRASORB SI-MP, Quantachrome Instruments,
Boynton Beach, FL). Ultraviolet (UV)-visible diffused reflectance
spectra of the product was obtained using a UV-visible
spectrophotometer.

2.3. Photocatalytic performance under visible light
irradiation

The photocatalytic activity was evaluated according to the
decomposition of methylene blue (MB) as a model contaminant
under visible light irradiation. Experiments were performed at
ambient temperature as follows. 0.05 g samples as the photocata-
lysts were added to 100 mL of the MB solution with 20 mg L™
concentration in a quartz vessel. Prior to illuminating the sample,
the reaction mixture was stirred for 20 min in the dark to obtain a
good dispersion and permit equilibration of the adsorption-
desorption processes between the catalyst surface and MB. After
adding 1 mL of a 30% hydrogen peroxide (H,O,) solution as an
oxidant to the above reaction mixture, the lamp was turned on. A
commercial 250 W halogen spotlight (the spectrum below 400 nm
was removed using a cutoff filter) was used for the visible light
illumination. The absorption of the MB aqueous solution was
monitored spectrophotometrically at A,,=664 nm during the
photodegradation process.

3. Results and discussion
3.1. Synthesis and characterization of the products

In solution combustion synthesis, the fuel to oxidizer ratio
has been previously shown to alter the combustion behavior,
oxidation state, morphology and SSA of the products [25-30].
Therefore, the effect of fuel (glycine) to oxidizer (ferric nitrate)
ratio on the formation of products was investigated first. The
reaction can be presented as follows:

5 15 1
FC(NO3)3 + §¢ C,HsNO, + Z(¢ - 1)0;—> 5F€203
10 25 5
+?¢C02+€¢H20+ <§¢+3>/2N2 (1)

Here, the fuel to oxidizer ratio, denoted by ¢, represents a tunable
parameter, where ¢=1 (stoichiometric) means that the initial
mixture does not require atmospheric oxygen for complete fuel
oxidation, while ¢ >1 (or < 1) implies fuel-rich (or lean)
conditions. Fig. 1 shows the XRD patterns of the products with
different ¢. For the products with ¢p=0.1, although the diffraction
peaks identified for the planes of the a-Fe,O;5 crystalline structure
can be detected, the a-Fe,O; is not well crystallized. As the ¢
increases, the heat generated by the combustion reaction increases
and the crystallization of the products is gradually perfected. For
products with ¢ of 0.2, 0.3, 0.6, it is evident that the obvious
diffraction peaks identified for the planes of the pure o-Fe,Os
crystalline structure can be clearly detected. When ¢ is increasing
to 1 and 1.2, y-Fe,O5 diffraction peaks can also be observed,
indicating that the products are a mixture of a-Fe,O5; and y-Fe,O;.
These results indicate that ¢ has a great influence on the phase of
the products, and pure crystalline a-Fe,O5 can be prepared by the
combustion of the precursors under fuel lean conditions in one step
without further heat treatment, simply by selecting a proper fuel to
oxidizer ratio, ¢.

Deshpande et al. [26] have conducted a systematic study of
the ¢ effect on the phase of products by using glycine as fuel
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Fig. 1. The XRD patterns of the products obtained by the solution combustion
synthesis with different ¢.

and ferric nitrate as oxidizer. Their research focused on the
fuel-rich region (¢ ranging from 1 to 3). They found that the
combustion product with ¢p=1 was also a mixture of a-Fe,O3
and y-Fe,O3, while the products obtained with ¢ > 1 had a
well-defined crystalline structure of pure a-Fe,O5. This research
shows that pure crystalline a-Fe,O5 can also be prepared under
the fuel-lean conditions (¢ < 1). This result is very interesting
because it means that little amounts of fuel can be used to
synthesize pure a-Fe,O5 by the solution combustion method, and
the combustion process could be easily controlled. The mechan-
ism of the ¢ effect on the phase of the products is under
investigation in this research.

Fig. 2 shows SEM images of the products with different ¢.
For ¢=0.1, the products are composed of agglomerated
particles (Fig. 2a). As the amount of fuel is increased, the
morphology of the combustion products has changed. For
¢=0.2 and 0.3 (Fig. 2b and c), the products are composed of

Fig. 2. SEM images of the products obtained by the solution combustion synthesis with different ¢: (a) 0.1; (b) 0.2; (c) 0.3; (d) 0.6; (e) 1; (f) 1.2.
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thin flakes. As ¢ increased from 0.6, to 1 and 1.2, the
morphology of the as-prepared products changed from sponge,
to bulk (Fig. 2d, e and f). Nitrogen adsorption/desorption
isotherms were measured to determine the SSA of the
products. The SSA of the products for ¢=0.1, 0.2, 0.3, 0.6,
1.0 and 1.2 are 10 m* g, 32 m* g, 103 m? ¢!, 32 m* g/,
4 m* g and 10 m? g respectively, shown in Fig. 3). These
results show that the morphology and specific surface of the
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synthesized products are sensitive to the ¢ parameter changes.
In solution combustion process, the amount of fuel (or the ratio
of fuel to oxidizer, ¢) has a great influence on the amount of
energy and the volume of gases liberated by the combustion
reaction [31,32].As the amount of fuel increases, the amount of
energy and the volume of gases increase. The larger volume of
gases can increase SSA of the products and the SSA reaches
the maximum of 103 m> g'1 at ¢=0.3. With further ¢ increase,
although the volume of the gases increases, the energy also
increases. According to the theory of chemical propellants,
the reaction releases the maximum energy at stoichiometric
composition (¢=1). Under the fuel-rich regime (¢ > 1),
molecular oxygen is required to obtain complete combustion.
The higher energy released during the reaction leads to a swift
rise in temperature in a narrow timeframe. The enhancement in
the combustion temperature and time during the reaction re-
nders the products to display similar behavior to sintering. The
products are agglomerated as bulk and the SSA is decreased.
The products with ¢=0.3 were further investigated by XPS,
TEM and BET methods, and the results are shown in Fig. 4.
Fig. 4a and b show the XPS spectra of the products. Fig. 4a
depicts the XPS spectra of Fe 2p. The Fe 2p spectra indicate the
existence of doublet Fe 2p*? and Fe 2p'”?, with binding energies
around 710 eV and 723 eV, respectively. The Fe 2p>? peak is
also associated with a satellite peak located approximately 7 eV
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Fig. 4. Structural characterization of the sample with ¢p=0.3: (a) and (b) XPS spectra; (c) TEM image; (d) Nitrogen adsorption/desorption isotherms.
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higher than the main peak, which is characteristic of hematite
[33]. The corresponding satellite peak noted at 717 eV is a result
of charge transfer screening. It can be attributed solely to the
presence of Fe’ " jons of a-Fe,O;. A high-resolution O 1Is
spectrum is presented in Fig. 4b. The O 1s XPS spectrum of
sample is illustrated in Fig. 4b, which can be deconvoluted as
three peaks. The peaks at 532.8 and 530.3 eV are ascribed to
O 1s of H,0 and 0%, respectively, while the peak at 531.6 eV is
assigned to C—O, C=0 and COO bonds [34]. The presence of
three different oxygen species observed in the Ols spectrum
indicates that the surface is oxygen enriched.. The XPS results
also confirm the formation of a-Fe,Os;, which is in good
agreement with the XRD result. TEM image of the products
is presented in Fig. 4c. It shows that the product consists of
nanoparticles with an average size of about 20 nm and has a
porous structure. The nitrogen adsorption/desorption isotherms
is presented in Fig. 4d. The physisorption measurement is
essentially the type IV isotherm with H2-type hysteresis loops
associated with the capillary and wormhole-like pores [35]. Such
hysteresis typically indicates the presence of mesopores, accord-
ing to the International Union of Pure and Applied Chemistry
(IUPAC) [36]. A large hysteresis loop between the adsorption
and desorption isotherms over the relative pressure, P/P,, range
of 0.45-0.98 is characteristic of highly porous materials, which
confirmed the formation of mesopores in the flaky structure.

3.2. Optical properties and photocatalytic activity

Since high SSA mesoporous nanocrystalline o-Fe,O; was
synthesized at ¢=0.3, it was chosen for photocatalytic
experiments. Optical absorption properties could reveal the
spectrum range where light is being absorbed to excite the
electrons in the catalyst [37]. The optical properties of the
product were investigated by the UV—vis absorption spectra at
room temperature. As shown in Fig. 5a, the a-Fe,Oj3 has strong
photo absorption in the UV and visible spectral regions, and
the wavelength of the absorption edge is 640 nm. According to
the equation o Esz(Ep—Eg)“2 (where a is the adsorption
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coefficient, K is a constant, E;, is the discrete photo energy, and
E, is the band gap energy), a classical Tauc approach was
further employed to estimate the E, value of the o-Fe,Oj
nanocrystals [38,39]. A plot of (aE,)” versus Ep, based on the
direct transition, is shown as the inset image in Fig. 5a. The
extrapolated value of E, at=0 gives absorption edge energies’
correspondence to E,=2.03 eV, which is corresponding with
the reported value (E;=1.9-2.2 eV).

To investigate o-Fe,O5 visible light photocatalytic perfor-
mance for degradation of organic pollutants, methylene blue
was selected as a model contaminant for photocatalytic deco-
lorization. Fig. 5b shows the changes in the absorption spectra
of the MB aqueous solution exposed to visible light over time in
the presence of the products. The MB spectrum reveals a major
absorption band at 664 nm. The characteristic absorption peak
of MB molecules at 664 nm rapidly decreased in intensity with
time and disappeared completely after about 100 min. These
results indicate that the synthesized mesporous a-Fe,O; crystal-
line is a promising catalyst for the removal of organic pollutants.

Fig. 6 shows the comparison of photocatalytic activity of the
samples prepared at different conditions. In the absence of

1.0
0.8 -
0.6 4
o
(@)
3
0.4 -
|—=— H202 without a-Fez0s
0.2 4 o ;.Fe:0s without H202  A.
A— ¢-Fe20s with Hz02 \\‘
0.0 A ——a
T T T T T T T
0 20 40 60 80 100 120

Irrdiation time (min)

Fig. 6. Comparison of the photocatalytic activity for MB with different
conditions: (™) H,O, without a-Fe,Os, (®) a-Fe,O3 without H,O,, (4) a-Fe,O5
with H,O,.
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Fig. 5. (a) Optical absorption spectrum of the a-Fe,O5 particles (inset, plot of the square of absorbance versus photon energy); (b) Changes of the time-dependent
UV-vis absorbance spectra in the presence of a-Fe,O3 sponge under visible light irradiation for different amount of time.
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a-Fe,03, H,O, shows almost no photocatalytic activity under
visible light illumination for the decolorization of the MB
aqueous solution. In the absence of H,O,, the prepared
o-Fe O3 particles show weak photocatalytic activity under
visible light illumination. However, in the presence of H,O,
under visible-light illumination, the prepared a-Fe,O5 particles
obviously show visible light photocatalytic activity. It is
known that H,O, addition enhances the rate of dye photo-
degradation, ascribed to the combined effects of the conduc-
tion electron scavenging and the Fenton reaction [40]. The
Fenton reaction is one of the most effective advanced oxida-
tion processes for waste water treatment, which is well-known
as the production of hydroxyl radicals (-OH) by reaction
between Fe’" and H,O, [41]. The formation of -OH triggers
the photocatalytic reaction. The results in this work also confirm
this theory.

4. Conclusion

The highly mesoporous a-Fe,Oj5 is synthesized by solution
combustion synthesis under fuel-lean conditions in one step,
simply by selecting a proper fuel to oxidizer ratio, ¢. The
a-Fe, 03 consists of nanoparticles with an average size of about
20 nm. The hematite displays a continuous absorption band in
the visible region and the photocatalytic activity is evaluated
by degrading the methylene blue pollutant in water at ambient
temperature. The synthesized mesoporous hematite is a pro-
mising visible light photocatalyst for organics decomposition.
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