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Abstract GdFeO; (GFO) nanoparticles were synthesized Graphical Abstract
by a glycine-assisted self-propagating combustion process.

The as-synthesized GdFeO; was characterized by X-ray vA g
diffraction, transmission electron microscopy, and UV-Vis <.>

diffuse reflectance spectra. The visible-light-responsive
photocatalytic activity of GdFeO; nanoparticles was eval-
uated by the photodegradation of Rhodamine B under
visible light. The results indicate that the as-prepared
GdFeO; nanoparticles exhibit remarkable visible-light
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photocatalytic activity thr.oug'h the synergism of semicon- "dc'; H,0; degraded
ductor-photocatalyzed oxidation and heterogeneous Fen- s 2 products
ton-like reaction. Compared with the bulk GFO, the o
photodecomposition rate of RhB was improved about 22 .
times when the simultaneous presence of the nanoparticles
and H,0, was observed. The mechanism and the main «OH, *00 organic
active species involved in photocatalytic oxidative reaction contaminant
were also investigated through the carriers trapping
experiments.
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1 Introduction

In recent years, photocatalysis processes have been inten-
sively investigated for wastewater treatment [1, 2]. The
photocatalytic oxidation has also been proposed as an
effective method for treatment of toxic and polluted water
[3, 4]. Up to date, the researches on photocatalysis have
School of Materials Science and Engineering, Nanjing mostly focused on TiO,-based photocatalysts with a crys-
g}rlliir‘l’:“ity of Science and Technology, Nanjing 210094, talline modification of anatase (Degussa P25, Hombriat

UV-100, Aldrich, etc.) as a result of their high photocat-
alytic activity and widespread uses for large-scale water

< Xiong Wang
xiongwang @mail.njust.edu.cn; xiongwang @njust.edu.cn

School of Chemical and Materials Engineering, Huainan
Normal University, Huainan 232038, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-016-4017-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10971-016-4017-0&amp;domain=pdf

108

J Sol-Gel Sci Technol (2016) 79:107-113

treatment. However, a major drawback of TiO, is that only
UV in the solar spectrum (about 3—5 %) can be utilized to
initiate the photocatalytic redox processes because of the
large band gaps of anatase TiO, (3.2 eV) and rutile TiO,
(3.0 eV) [5-7] so that the effective utilization of solar
energy is limited. To increase the utilization efficiency of
sunlight and improve the photocatalytic activity, novel
visible-light-driven photocatalysts with high activity and
stability must be developed [8, 9].

Rare-earth orthoferrite compounds LnFeO; (Ln = lan-
thanide elements) constitute a very important class of
materials due to their antiferromagnetism and magne-
tooptic effects [10, 11]. They generally crystallize in the
orthorhombic perovskite structure in which the FeOgq
octahedra get distorted to the extent decided by the size of
rare-earth ions. They have potential for various applica-
tions such as solid oxide fuel cells, sensors, magnetooptic
materials, electrode materials, catalysts, and magnetic
resonance imaging (MRI) in biomedicine [12-15].
Recently, rare-earth orthoferrite compounds with per-
ovskite structure [16-19], such as SmFeQO;, LaFeOs,
GdFeO;, EuFeO;, NdFeOs;, PrFeO;, and YFeOs, have
received increasing attention and been applied as photo-
catalysts. More importantly, it is interesting to note that
some perovskite-type Fe-based materials have been con-
firmed as heterogeneous Fenton-like catalysts. Ju et al. [20]
reported that EuFeO; nanoparticles could activate H,O,,
yielding a removal of 71 % of RhB with 3 h in the
EuFeO3/H,0, system. Sun et al. [21] found that the flower-
like Bi,Fe,Oq9 nanoparticles could be used as heteroge-
neous Fenton-like catalysts.

Various synthesis routes to rare-earth orthoferrites have
been proposed, including the precipitation method, ther-
mal decomposition process, solvothermal treatment,
sonochemical approach, and combustion route [22-24].
Self-propagating combustion synthesis is a simple, fast,
and inexpensive process [25], in which exothermic reac-
tion can generate a large quantity of heat rapidly leading
to the formation and crystallization of orthoferrite
nanoparticles.

In this paper, nanocrystalline GdFeO; (GFO) was
prepared via a self-propagating combustion method.
The structure, morphology, and UV-Vis diffuse
reflection spectrum (DRS) of the as-prepared samples
were examined. The photocatalytic activity of the
nanocrystalline GdFeO; was also evaluated by the
degradation of Rhodamine B under visible-light irra-
diation. On the basis of the calculated energy band
positions and the active species during photocatalytic
process, a mechanism of the photocatalysis was pro-
posed and discussed.
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2 Experimental
2.1 Synthesis of GdFeOs3

The GdFeO; nanoparticles were synthesized by a glycine-
assisted self-propagating combustion technique. All the
reagents were of analytical grade and were used as received
without further purification.

In a typical synthesis, stoichiometric amounts of
gadolinium nitrate hexahydrate (Gd(NO3)3-6H,O, 5 mmol)
and ferric nitrate nonahydrate (Fe(NO;3);-9H,O, 5 mmol)
were dissolved in 50 mL of distilled water. And then gly-
cine (NH,CH,COOH, 10 mmol) was added to the solution
under stirring. After magnetic stirring for 2 h at 80 °C, a
brownish red colloidal sol was obtained. The sol was
placed on hot plate and heated. At the initial stage, the sol
was condensed, underwent dehydration and decomposition
process followed by the evolution of large amount of gases.
After a while, it began to burn with the release of much
heat instantly. The whole condensation—combustion pro-
cess took only about 20 min on the hot plate. Finally, the
as-prepared sample was washed with distilled water and
absolute alcohol for several times and dried at 80 °C. The
brown yellow sample was obtained eventually. For com-
parison, the bulk GdFeO; was prepared by a traditional
solid state method according to the Ref. [26].

2.2 Characterization of samples

The phases of the samples were examined by X-ray
diffraction (XRD) on a Bruker D8 Advanced diffrac-
tometer. The patterns were collected using unfiltered Cu K,
radiation and the Bragg-Brentano geometry over the 20
range 20°-70°. The morphology of the as-prepared sample
was observed by transmission electron microscopy (TEM,
Hitachi, Model H-800, accelerating voltage 200 kV). The
infrared spectrum was recorded using Fourier transformed
infrared spectroscopy (FT-IR: Model 883, Perkin-Elmer
Optoelectronics Inc., USA). UV-Vis DRS result of the
sample was obtained on a Shimadzu UV2450 UV-Vis
spectrophotometer with an integrating sphere.

2.3 Photocatalysis test

The equipment for photocatalytic reaction is self-designed.
The visible-light source was a 500 W Xe lamp (light
intensity = 600 mW/cm?, 20 cm above the solution sur-
face) positioned in a quartz cold trap which was in the
middle of multiposition cylindrical reaction vessel. The
system was cooled by wind and water and maintained at
room temperature. Appropriate cutoff filters were placed
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around the cold trap to completely remove radiation below
400 nm, ensuring that the catalysis of the RhB/GFO system
occurred only under visible light.

In the experiment, 30 mg GdFeO; was added to 30 mL
RhB solution (107> mol L) in a vessel. Before illumi-
nation, the suspensions were stirred in the dark for 30 min
to ensure the establishment of an adsorption—desorption
equilibrium between the photocatalyst and RhB. Then, the
solution was exposed to visible-light irradiation under
stirring. At given time intervals, a small quantity of sus-
pension was sampled and centrifuged to remove the pho-
tocatalyst particles. The supernatants were analyzed by
monitoring the absorbance at 553 nm using the UV-Vis
spectrophotometer. To further enhance the photocatalytic
performance of GdFeO; nanoparticles, 1 mL of 3 % H,0,
was added to initiate the reaction. After each photocatalytic
reaction, the aqueous solution was centrifuged to recycle
GdFeOs5 nanoparticles that were then dried at 80 °C for the
recycling test.
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Fig. 1 XRD pattern of the (a) synthesized samples and (b) bulk GFO;
(c) standard reflection lines from JCPDS: 47-0067
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3 Results and discussion

The purity and crystallinity of the as-synthesized product
were examined by powder XRD analysis. As shown in
Fig. 1, it can be concluded that both the obtained sample
and the bulk GFO synthesized by the traditional solid state
method are pure-phase perovskite GdFeO; and well crys-
tallized with orthorhombic structure with lattice parameters
of a=5.3647, b =5.6100, and ¢ = 7.6537 A [space
group: Pbnm(62)], which are in excellent accordance with
the standard data (JCPDS NO.: 47-0067). No other char-
acteristic peaks for impurities were detected, such as
Gd,05 and GdsFesO;,. [27]. The average grain size of the
sample estimated by Scherrer equation is about 43 nm.

The as-synthesized nanostructures were analyzed by
TEM and HRTEM as shown in Fig. 2. As shown in
Fig. 2a, it was clear that the particles exhibit an average
diameter of about 58 nm with narrow size distribution,
which was larger than the value calculated from the XRD
pattern that due to agglomeration of GFO particles. The
HRTEM image and the associated fast Fourier transform
(FFT) of the nanoparticles are shown in Fig. 2b, confirming
single-crystalline structure. The 0.383- and 0.273-nm lat-
tice spacings correspond to the (002) and (112) planes of
the orthorhombic GdFeOs;, respectively, and the angle
measured between these two planes is about 45°, which is
in good agreement with the calculated value.

The UV-Vis DRS of GdFeOj; is shown in Fig. 3. The
curve shows a broad absorption band in the wavelength
ranging from 400 to 600 nm, which indicates that GdFeO;
particles can absorb considerable amounts of visible light,
implying their potential applications as visible-light-driven
photocatalysts [28]. Depending on the Kubelka—Munk
formula [29], the relationship between the absorption
coefficient and the band-gap energy follows the formula:
(F(R)E)"* = A(E — E,), in which E and E, are photon
energy and optical band-gap energy, respectively, and A is
the characteristic constant of semiconductors. From the

Fig. 2 a TEM and b HRTEM images of the GFO photocatalyst. The corresponding FFT (c¢) and high magnification images (d)
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equation, (F (R)E)"/ 2 has a linear relation with E. GdFeOs; is
an indirect-gap semiconductor [13], So n = 4. The inset of
Fig. 3 shows that extrapolating the linear relation as
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Fig. 3 UV-Vis DRS of the GFO photocatalyst (inset shows the
estimated band gap by the Kubelka—Munk function)
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(F(R)E)* = 0 gives the band-gap E, of approximately 2.53
and 2.13 eV for the sample and the bulk, respectively,
which is quite comparable with other rare-earth orthofer-
rites [30, 31]. The larger the band gap of the semicon-
ductor, the stronger the redox ability of the photoexcited
electron—hole pairs [32]. The larger band gap of the sample
induces to a higher photocatalytic activity under visible-
light illumination.

According to the empirical equation [33, 34]: Eyg = -
1 — E. + 0.5E,, where y is the absolute electronegativity
of GdFeOs, and E, is the energy of free electrons on the
hydrogen scale, and the valence band edge top (Eyg) and
the conduction band bottom (Ecg) of GFO can be deter-
mined as 2.435 and —0.115 eV, respectively. Obviously,
GdFeO; is easily excited to photoinduced electron-hole
pairs under visible light (4 > 400 nm) in heterogeneous
photocatalysis.

The photocatalytic activity of the GdFeO3 nanoparticles
was evaluated by the degradation of the typical organic
contaminant RhB under visible-light illumination. The
time-dependent photodegradation of RhB over GFO was
illustrated in Fig. 4a. GFO nanoparticles exhibit certain
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Fig. 4 The evolutions of a RhB and b RhB + H,0O, absorption spectra observed in the presence of GFO photocatalyst at different irradiation
times; ¢ photogradation efficiencies of RhB as a function of irradiation time at different conditions
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extent photocatalytic ability, and 40 % of RhB was
decomposed after 2-h illumination, which was better than
the bulk and the commercial P25. After adding H,O, into
GFO/RhB suspension (Fig. 4b), RhB was dramatically
degraded. After 2-h visible-light illumination, the degra-
dation efficiency can reach above 89.9 % (Fig. 4c). It can
be seen that the addition of H,O, can obviously accelerate
the photocatalytic degradation of RhB. Moreover, the
absorption band occurred with slight hypochromatic shift,
corresponding to the step-by-step deethylation process of
RhB [35], which indicates that the hydroxylation/oxidation
of RhB is a predominant procedure [36].

As reported before, nanoscaled iron-based compounds
can catalyze the activation of H,O, to produce ‘OH radicals
through Fenton-like reaction, leading to the enhanced
degradation of organic contaminants [37-39]. The main
Fenton-like process could be depicted as below:

Vv
R

= *OH
S—1
S H,0; degraded
= -2
S products
—3
+OH. *00 organic

contaminant

Fig. 5 Schematic illustration of the photocatalytic process of GFO/
H,O, system for the degradation of organic contaminations in
aqueous solution
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In the present GFO-H,O, system, the heterogeneous
Fenton-like reaction between the sample and H,O, had
occurred before illumination, which can be clearly
observed from the two initial absorbances at t = 0 (Fig. 4a,
b). After maintaining the suspensions in the dark for
30 min to establish an adsorption/desorption equilibrium,
the initial absorbance decreased obviously (18.9 %) when
hydrogen peroxide was present. It is implied that GdFeO3
is actually acting as heterogeneous Fenton-like catalyst
[29]. When a small amount of H,O, was introduced into
the photoreaction suspension, the interfacial Fe atoms
(denoted as EFeIH) of GdFeO; nanoparticles with the
extremely high surface potential could react with H,O, to
form ‘OH radicals through Fenton-like reaction (Eqgs. 1-3).
Meanwhile, under visible-light illumination, photogener-
ated electron-hole pairs formed in GFO nanoparticles.
Thus, the electrons were easily trapped by the H,O,
forming 'OH radicals. The obvious enhancement in the
efficiency of RhB removal with the addition of H,O, may
be ascribed to the synergistic effect of semiconductor-
photocatalyzed oxidation and heterogeneous Fenton-like
reaction. The schematic illustration of the photogeneration
of electron-hole pairs and the photocatalysis process of
RhB over GFO is depicted in Fig. 5.

The photocatalytic mechanism of GFO composites was
further revealed by the trapping experiments to determine
the main active species in the photocatalytic process. It is
well known that the decomposition of dyes over photo-
catalyst is mainly ascribed to photogenerated reactive
species such as h*, 05", 'OOH and ‘OH, and so on [40, 41].
The degradation of RhB can be increased greatly when
adding small H,O, as electron scavenger, indicating pho-
togenerated electrons play a vital role in photocatalysis.
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Fig. 6 a Photocatalytic activities of GFO/H,O, system for the degradation of RhB in the presence of different scavengers. b The corresponding

photodegradation efficiencies of RhB illuminated for 120 min
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Fig. 7 Recycling test on the GFO/H,0, system for the degradation of
RhB under visible-light irradiation

Disodium ethylenediaminetetraacetate (EDTA-2Na) and
isopropanol were used as holes and ‘OH radical scavenger,
respectively. As shown in Fig. 6a, the degradation of RhB
was slightly inhibited in the presence of EDTA-2Na,
revealing that the photogenerated holes are not the main
active species for RhB degradation. When isopropanol is
added into the reaction solution, the photocatalytic reaction
is strongly suppressed, indicating that ‘OH radicals are
responsible for the degradation process. From Fig. 6b, the
photocatalytic degradation efficiency of RhB was 89.9 %
in 2 h without any scavengers. When EDTA-2Na and
isopropanol were added, it can reach to 87.7 and 12.4 %,
respectively. Therefore, it confirmed that reactive oxygen
species (‘OH or/and ‘OOH) play the dominant roles in RhB
photodegradation over GFO/H,O, system.

In addition to the photocatalytic efficiency, the catalyst’s
lifetime is another important parameter of the photocat-
alytic process, so it is essential to evaluate the stability of
the catalyst for practical application. The cycling runs for
RhB photodegradation over GFO were performed, and the
result was displayed in Fig. 7. Only a slight decrease was
observed after four recycling runs, which can be attributed
to the loss of catalyst during the recycle process. Obvi-
ously, the prepared GFO photocatalyst showed good sta-
bility during the photocatalytic reaction with the aid of
H202.

4 Conclusions
In summary, GdFeO; photocatalyst was successfully pre-
pared with by a glycine-assisted auto-combustion method.

The study evaluated the performance of GFO/H,0, as a
heterogeneous Fenton-like system for the oxidation of RhB

@ Springer

in water. The results indicated that GFO/H,0, can degrade
RhB more effectively than either H,O, oxidation or GFO
degradation alone. The enhanced removal can be ascribed
to the formation of 'OH that rapidly degrades the target
compound. The trapping experiments indicated that the
hydroxyl radicals played the dominant roles in RhB pho-
todegradation over the GFO/H,0, system again. These
encouraging data demonstrate that the GFO/H,O, system
has potential applications in organic pollution treatment.
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