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ABSTRACT

In this study, iron-doped Bi,WO, (FeBWs) photo catalyst was synthesized by a single-step solvo
thermal process. Fe/W molar ratios of 0.1-10 were used. The surface characteristics of the prepared
FeBWs were analyzed by X-ray diffractometry (XRD), Fourier transform infrared spectroscopy
(FTIR), scanning electron microscopy, transmission electron microscopy, specific surface area anal-
ysis, UV-Vis spectrophotometry, fluorescence spectrophotometry and X-ray photo electron spectros-
copy. The photo catalytic activities of FeBWs were compared using the decolorization of C.I. Reactive
Red 2 (RR2) with solar-light photo catalysis and visible-light photo catalysis. No XRD peaks of iron
metal or iron oxide were detected, possibly because iron ions were doped into the lattice of Bi,WO,.
The results of FTIR revealed that some iron ions substituted Bi** in FeBWs. Iron doping into Bi, WO,
reduced the band gap from 3.1 to 1.3 eV. All prepared FeBWs were visible-light-induced photo cata-
lysts. The optimal Fe/W molar ratio was 5 and solar-light photo catalysis increased the RR2 decol-
orization rate from 3.34 h™ (Bi,WO,) to 8.48 h™' (FeBWs) while visible-light photo catalysis increased
it from 0.11 h™ to 7.36 h™. The doping of iron ions into Bi, WO, increased the separation of photo gen-
erated electron-hole pairs by acting as traps and increased photo catalytic performance. The photo

generated holes and super oxide radicals were the major active species in FeBW photo catalysts.
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1. Introduction

Bi,WO, (BW) is one of the simplest members of the
Aurivillius oxide family (when n = 1) of layered perovskites
with the general formula Bi,A B O, . (A = Ca, Sr, Ba, Pb,
Na, K; B = Ti, Nb, Ta, Mo, W, Fe; and n = number of per-
ovskite-like layers (A _,B O, )*). Their structures are com-
posed of alternating perovskite-like and fluorite-like blocks
[1]. BW is a new type of visible-light-induced photo cata-
lyst; it is stable and non-toxic and it does not cause second-
ary pollution. BW has potential as a novel photo catalyst;
however, its high rate of recombination of photo generated
electron-hole pairs causes it to has a low photo quantum
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efficiency, resulting in low photo catalytic performance, so
its application remains limited. In a perovskite structure,
not only can the number of A and B sites vary, but also a
combination of cations can be incorporated at the A and/or
B sites to form substituted perovskites. These variations can
change the electronic structure, affecting the optical, electri-
cal and photo catalytic properties [2].

Much effort has been made to develop visible-light-in-
duced photo catalysts. Current photo catalysts have critical
shortcomings such as the short lifetime of the photo gen-
erated electron-hole pairs and the insufficient absorption
of visible-light, which limit their application. The most
popular method for tuning the absorption edge of a photo
catalyst is to dope the host materials with foreign species.
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The general effects of doping a photo catalyst include the
introduction of an impurity energy level, enhancement of
the adsorption in the visible-light region, an increase in the
number of active sites, and the suppression of photo gener-
ated electron-hole recombination.

To improve the separation of photo generated elec-
tron-hole pairs, many researchers loaded BW with metal
ions, such as Fe [3, 4], Cu [5], Eu [6], Zr [7], Ba [8], Ag [9] and
Mo [10]. Modification using transition metals is a frequent
topic of photo catalytic study, and its purpose to improve
photo catalytic activity was by trapping electron-hole pairs.
Tan et al. [5] found that Cu loading effectively narrows the
band gap of BW and that significantly improves the photo
catalytic activities of BW. Li et al. [8] revealed that the dop-
ing of Ba into BW increases its specific surface area, reduces
its crystalline size, provides electron traps and facilitates the
separation of photo generated electron-hole pairs. Zhang et
al. [7] showed that doping zirconium into BW effectively
inhibited the recombination of photo generated charge
carriers. Previous investigations have demonstrated that
doping Fe, Cu, Eu, Zr, Ba, Mo or Ag into BW efficiently
improves it photo catalytic ability [3-10].

Fe salts are low-cost and nontoxic. Fe** has been exten-
sively used in the doping of photo catalyst owing to its
half-filled electronic configuration [11]. Doping of Fe into
the substitutional sites of BiVO, effectively improved the
migration and separation of photo generated carriers and
increased the utilization of visible-light [12]. Guo et al. [3]
and Sriwichai et al. [4] both reported that the loading BW
with iron ions increased its photo catalytic performance
under visible-light. However, all of the cation doping into
BW in the literature is conducted using the hydrothermal
method, except for that by Dumrongrojthanath et al. [9],
who doped Ag into BW using a solvo thermal process. Fur-
thermore, all doping Fe/W molar ratios in Fe-doped BW
were very low (0.0018%-2%), but coupling Fe,O, [13] (best
at Fe/W molar ratio 0.8) or Fe,O, [14] (best at Fe/W molar
ratio 1.3) with BW yielded the best performance at a high
Fe/W molar ratio. To the best of our knowledge, the use of
the solvo thermal method to synthesize the iron ion-doped
BW composites (FeBWs) has not been studied. Accordingly,
in this investigation, ethylene glycol (EG) was used as a sol-
vent in the synthesis of FeBWs. The photo catalytic activity
of the prepared FeBWs in the photo catalysis of C.I. Reactive
Red 2 (RR2) was evaluated. The goals of this investigation
were (i) to determine the effects of the Fe/W molar ratio
on the photo catalytic activity of FeBWs under solar-light
and visible-light; (ii) to measure the surface characteristics
of prepared FeBWs; and (iii) to identify the reusability and
major oxidative species in the FeBWs system.

2. Materials and methods
2.1. Materials

All chemicals were reagent-grade and used as
received without further purification. Bismuth(IIl) nitrate
(Bi(NO,),-5H,0), sodium tungstate (Na,WO,-2H,0) and
iron(Il) nitrate (Fe(NO,),-9H,0) were used as precursors
in the formation of Bi, W and Fe, respectively, which were
used to generate FeBWs (Katayama, Japan). RR2 (C,,H, Cl-
,N,Na,O,S)) was purchased from Sigma Aldrich (USA).

Sodium nitrite (NaNO,) and EG; both were obtained from
Katayama, were used as an ultra violent-light cut-off agent
and as a solvent in the solvo thermal process, respectively.
To detect the active species that formed in the FeBW sys-
tem, hydroxyl radicals, holes and super oxide radicals were
quantified by adding isopropanol (IPA) (J.T. Baker, USA),
ethylenediaminetetraacetic acid disodium salt (EDTA-2Na)
(Katayama) and K,CrO, (Katayama), respectively. The pH
of the solution was adjusted by adding 0.1 M HNO, or
NaOH during the reaction, both of which were purchased
from Merck (USA).

2.2. Preparations of FeBWs

BW was prepared under conditions that Wu et al. [15]
identified as optimal. A 3.881g of bismuth(III) nitrate, 1.319
g sodium tungstate and the desired amount of iron(III)
nitrate (0.1616, 0.404, 0.808, 1.616, 3.232, 8.08 or 16.16 g)
were added to 70 mL EG and the resulting solution was vig-
orously magnetically stirred, yielding Fe/W molar ratios of
0.1,0.25,0.5,1,2,5and 10. The mixtures were adjusted to pH
2 by adding 10 M NaOH with stirring for 1 h. The mixtures
were sealed in a 100 mL Teflon-lined stainless steel auto-
clave and heated at 433 K under self-generated pressure for
12 h; they then cooled naturally to room temperature. The
precipitates were collected by filtration and washed using
50 mL 95% ethanol and 100 mL D.I. water to remove any
residual impurities. The samples were finally dried in air at
333 K for 24 h. The samples with Fe/W molar ratios of 0.1,
0.25,0.5,1, 2,5 and 10 were denoted as 0.1FeBW, 0.25FeBW,
0.5FeBW, 1FeBW, 2FeBW, 5FeBW and 10FeBW, respectively.

2.3. Characterization of prepared FeBWs

The phase structure of FeBWs was analyzed using an
X-ray diffractometer (Bruker D8 SSS, Germany) with CuKo
radiation (40 kV, 30 mA) over the 20 range of 15°-75°. The
distinctive functional groups of FeBWs were investigated
using Fourier transform infrared spectroscopy (FTIR). A
Perkin-Elmer spectrometer (One Nicolet Avatar 370, Japan)
was used to obtain FTIR absorption spectra in the region of
400-4000 cm™. Diffuse reflectance ultra violent (UV)-visible
(Vis) spectra of FeBWs, obtained using a UV-Vis spectro-
photometer (JAS.CO-V670, Japan), were used to calculate
the bandgap. The morphology and micro structure of the
FeBWs were characterized by scanning electron microscopy
(SEM) (JEOL 6330 TF, Japan) and transmission electron
microscopy (TEM) (JEOL 3010, Japan). The photolumines-
cence (PL) spectra were used to examine the efficiency of
charge carrier transfer and separation because PL emission
is caused by the recombination of photo generated elec-
tron-hole pairs. The PL spectra of FeBWs were obtained at
room temperature using a fluorescence spectrometer (Hita-
chi F-4500, Japan) with an excitation wavelength of 300 nm
from a xenon lamp. The Brunauer-Emmett-Teller (BET)
specific surface area of FeBWs was obtained using a Micro
meritics ASAP 2020 system (USA). X-ray photo electron
spectroscopic (XPS) measurements were made using a PHI
Quantum 5000 XPS system (USA) with a monochromatic Al
Ko source and a charge neutralizer. Binding energies were
calibrated relative to the C,_peak at 284.6 eV.
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2.4. Photo catalysis experiments

The RR2 concentration, photo catalyst dosage and tem-
perature in all of the experiments were 20 mg/L, 0.5 g/L
and 298 K, respectively. Photo catalysis experiments were
performed in a 3 L glass reactor. A 400 W Xe lamp (200 nm
< wavelength < 700 nm, UniVex BT-580, Taiwan) was used
to provide simulated solar-light radiation. The intensity of
the light from the lamp was 30.3 mW/cm?. A quartz appli-
ance that was filled with 2 M NaNO, solution was placed
on the top of the reactor to cut the UV and to provide vis-
ible-light [16]. Adsorption experiments were conducted in
darkness. The reaction medium was stirred continuously
at 300 rpm and aerated with air to maintain a suspension.
Following sampling at specific intervals, solids were sepa-
rated by filtration through a 0.22 pm filter (Millipore, USA),
and the RR2 that remained in the filtrate was analyzed by
measuring its absorbance at 538 nm using a spectrophotom-
eter (Hitachi U-5100, Japan). To evaluate the reusability of
5FeBW, used 5FeBW powder was recovered by filtration
through a 0.22 um filter. The recovered 5FeBW powder was
used in the subsequent photo catalytic run without any
washing. Some experiments were performed in triplicate
and mean values were reported.

3. Results and discussion
3.1. Surface characteristics of FeBWs

The XRD patterns in Fig. 1 display the phase structure
and the phase composition of BW and FeBWs, which reveal
the effects of the iron doping concentration on the phase
structure of BW. The peaks at 28.3°, 32.8°, 47.0° and 55.8°
correspond to the (11 3),(200), (02 6) and (3 1 3) reflections
of the crystal phases, respectively; the distinct diffraction
peaks correspond to the orthorhombic BW phase (JCPDs
no. 73-1126). As the iron doping concentration increased,
the breadth of the diffraction peaks increased and their
intensities decreased. The broad diffraction peaks implied
that iron doping inhibited grain growth [17,18]. The broad
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Fig. 1. XRD spectra of prepared BW and FeBWs.

diffraction peaks indicated that Fe** ion doping restrained
grain growth and the formation of smaller BW crystallites,
potentially increasing the number of lattice defects. The
ionic radius of Fe** (0.064 nm) [3,19,20] is much smaller than
that of Bi** (0.103 nm) [6,21] but close to that of W (0.062
nm) [5,7]. The peak shift is attributable to the lattice expan-
sion that is caused by the incorporation of a small propor-
tion of iron atoms [12] and the substitution of W® by Fe®".
Loading with iron ions inhibited the growth of the crystal
phase of BW, as did the doping of BW with goethite [22]. In
Cu-doped BW, when the content of Cu increased to 10%, the
monoclinic phase of BW disappeared, perhaps because of
the introduction of a small amount of Cu ions, which caused
a lattice distortion and thus changed the growth direction of
the lattice plane. As the amount of Cu increased, the diffrac-
tion peaks moved to smaller angles, indicating that Cu ions
(0.073 nm) substituted some of the W ions (0.062 nm) in the
lattice [5].

Iron may be present in FeBWs in several forms, such as
iron ions in the BW lattice and Fe, O, or Fe,O, on the sur-
face as a result of the decomposition of Fe(NO,),. However,
peaks of Fe,O, (JCPDs no. 40-1139) and Fe,O, (JCPDs no.
26-1136) were not obtained from FeBWs herein. If a rela-
tively high concentration of iron ions enters the crystal lat-
tice during BW crystallization, then the crystal lattice will
be distorted, causing a phase transition from orthorhombic
to amorphous (5FeBW and 10FeBW). Notably, no FeBW
exhibited any characteristic peaks of iron metal or iron
oxide, probably because the iron compounds therein were
amorphous. No XRD peak of iron metal was obtained, pos-
sibly because iron was doped into the lattice of BW so no
peaks from iron ions or iron oxides were observed (Fig. 1).
No other direct evidence of the existence of amorphous iron
compounds was obtained. Conversely, Sriwichai et al. [4]
postulated that the iron ions and/or the iron oxides may be
loaded merely on the surface of the BW particles rather than
being anchored within the lattice structure of BW.

Fig. 2 presents the FTIR spectra of prepared BW and
FeBWs. All samples yielded peaks at 1072 cm™, 1384 cm™,
1620 cm™ and 3420 cm™. The peak at 3420 cm™ was related
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Fig. 2. FTIR spectra of prepared BW and FeBWs.
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to the superposition of the vibration band of the hydroxyl
groups and the stretching vibration of adsorbed water mole-
cules. The peak at 1620 cm™ is attributed to the stretching and
bending vibrations of free or bonded hydroxyl groups [2,23].
Peaks at 730 cm™, 1072 cm™ and 1384 cm™ are assigned to the
stretching vibrations of Bi-O [23,24], C-O [25] and C-H [24],
respectively. FTIR bands due to Fe-O symmetric stretching
vibrations are observed in the range of 620-680 cm™ [26]. The
peak at 489 cm™ is attributed to the stretching vibrations of
iron ions [27]. Only the FTIR spectra of FeBWs include iron
ion (489 cm™) and Fe-O (630 cm™) peaks (Fig. 2). The weak
intensities of the 1072 and 1384 cm™ reveal the low adsorp-
tion of EG onto the surfaces of BW and FeBWs from the sol-
vothermal synthetic procedure. Only pure BW yields a Bi-O
(730 cm™) peak and no Bi-O peak was obtained from the
FeBWs. This investigation found that iron ions substituted
Bi** in FeBWs, causing the Bi-O peak to disappear.

Arakawa et al. [19] investigated the local position of Fe**
in BW by making electron paramagnetic resonance mea-
surements and performing a superposition model analysis.
Their results suggested that the fact that the Fe** ion has a
smaller ionic radius, 0.064 nm, than the Bi** ion, 0.096 nm,
weakened the coupling of the Fe’* ion to the apex oxygen,
causing a deviation of the Fe** ion toward the oxygen plane
of the Bi,O, layers, allowing the Fe®* ions to substitute Bi**
ions in the Bi,O, layers. Most of the iron ions were Fe** or
Fe*, which were uniformly distributed on the surface of
BW, and some Fe®* ions substituted Bi** ions in Bi,0, lay-
ers [3]. Xu et al. [6] suggested the possibility of the lattice
substitution of Bi** in the Bi,O,* by Eu’* in Eu**-doped BW
since the ionic radius of Eu®* (0.0947 nm) is less than that
of Bi** (0.103 nm). Combining FTIR results with XRD anal-
ysis, the present study further proved that some iron ions
entered the lattice of BW and substituted Bi** and/or We*
ions, changing the crystal structure of BW.

Table 1 lists the surface characteristics of BW and
FeBWs. The BET surface areas of the FeBWs, except for
0.1 FeBW and 0.25 FeBW, exceeded that of BW. 5 FeBW
had the largest BET surface area. The BET results demon-
strated that doping BW with a high concentration of iron
ions (Fe/W molar ratio > 0.5) increased the BET surface
area. Photo catalysts with a larger surface area have more
active surface sites, favoring the transport of charge car-
riers and, therefore, enhancing the photo catalytic per-
formance.

Fig. 3 plots the UV-Vis absorption spectra of BW and
FeBWs. The band gap is calculated by Eg = 1240/, where

Table 1

Surface properties of prepared BW and FeBWs
Photocatalysts ~ BET surface area (m?*/g) ~ Bandgap (eV)
BW 100.3 31
0.1 FeBW 86.8 2.6
0.25 FeBW 89.5 2.6
0.5 FeBW 115.2 24
1 FeBW 149.6 21
2 FeBW 191.2 1.7
5 FeBW 236.7 1.6
10 FeBW 171.6 1.3

A is the adsorption edge and Eg is the band gap. FeBWs
exhibited significantly increased absorption of visible-light
and exhibited a red-shifted band gap (Table 1) as the con-
centration of doped iron ions increased. Based on the band
gap analysis, all of the FeBWs were visible-light-induced
photo catalysts. A new absorption band, formed by doping
with iron, might have created sub-band states in the band
gap of BW, which were easily excited to generate more
electron-hole pairs. Iron ions formed a new impurity level
under the conduction band, reducing the energy barrier and
improving the utilization efficiency of light; consequently,
the band gap energy declined, in a manner similar to that
which occurs upon doping with Cu [5]. The substitution of
W by lower-valence cations is postulated to cause an extrin-
sic oxygen deficiency and improved oxide ion conductiv-
ity [28,29]. In this investigation, the most important mode
involved a substitutional effect by iron ions at W¢* sites to
form extrinsic oxygen vacancies. The oxygen vacancies are
positive charge centers, at which electrons are easily bound.
The excitation of electrons from such local states to the con-
duction band can improve absorbance of visible-light [5].
Iron-doped CaTiO, also exhibited significantly enhanced
absorption of visible-light region. Yang et al. [2] found that
the introduction of iron into the TiO, lattice can generate
impurity energy levels between the conduction band and
the valence band.

Fig. 4 shows SEM and TEM images of 5FeBW. 5FeBW
particles exhibited significant agglomeration and were
composed of rough, uneven and irregular nano particles
(Fig. 4a). A further investigation was carried out using
TEM to provide detailed insights into the morphology and
micro structures of 5FeBW. The size of the nano particles of
5FeBW was found to be 15-30 nm (Fig. 4b).

XPS surface measurements were made to evaluate the
chemical states and surface composition of 5FeBW (Fig. 5).
Bi,. ,and Bi,. , yielded peaks at approximately 159 and 164
eV in the Bi,, region (Fig. 5a), respectively, which are attrib-
utable to Bi** in BW [30, 31]. The W, spectrum of 5FeBW
exhibits binding energies of 35 eV (W, ,) and 37 eV (W . )
(Fig. 5b), which correspond to W¢* [30, 31]. The peaks at
529.32, 529.65, 530.32, 530.98 and 531.26 eV correspond to
Fe-O, Bi-O, W-O lattice oxygen, chemisorbed water and
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Fig. 3. UV-Vis absorption spectra of BW and FeBWs.
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OH hydroxyl groups, respectively [3,32]. The peak at 529
eV corresponds to Fe-O (Fig. 5¢c) [33]. The peaks at 529.7
and 531.6 eV are ascribed to the Bi-O and W-O bonds in BW
(Fig. 5¢), respectively [30,34]. Fe** exhibits two characteris-
tic peaks of Fe, , , and Fe, , , at 711.2 and 724.3eV, respec-

2pl1/2

tively (Fig. 5d). The peaks at 711.7 and 724.1 eV correspond

to Fe2 32 and Fe, L respectively, suggesting that Fe was
present only as Fe®* [31,35]. The characteristic spin-orbit
splitting of Fe, , , and Fe, , , signals is observed at approx-

1mate1y 710.1 and 724.4 e]{} 2respec’cively, revealing that the
iron species in 5FeBW were Fe* cations [11]. Fe** yielded
two characteristic peaks of Fe, , , and Fe, | , at 709.8 and
722.8eV, respectively (Fig. 5d) [ 56] The EG" may act as both
a solvent and a reductant in the solvo thermal process [37];
accordingly, Fe** was reduced to Fe*.

PL spectra are useful in determining the efficiency of
charge carrier trapping, migration and transfer, which help
to elucidate the fate of electron-hole pairs in a photo cata-
lyst. Generally, a lower PL intensity suggests a lower recom-
bination rate of photo generated electron-hole pairs, and
therefore greater photo catalytic efficiency of the photo cat-
alyst. Fig. 6 displays the PL spectra of BW and FeBWs in the
range 350-550 nm. The strongest emission peak at 452 nm
is attributed to the intrinsic luminescence of BW, which
originates from the charge-transfer transitions between the
hybrid orbital of Bi_ and O, (valence band) to the empty

54 orbital (conduction band) in the WO_* complex [38].
The PL spectral intensities at 452 nm followed the order
BW > 0.25FeBW > 1FeBW > 10FeBW > 0.1FeBW > 2FeBW
= 5FeBW (Fig. 6). The PL spectra intensities of FeBWs are
obviously reduced, suggesting a coupling effect between
iron ions and BW, which was similar to that arises when
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Fig. 6. PL spectra of prepared BW and FeBWs.

Fe,O, [39] and iron ions [4] are doped into BW. An appro-
priate iron content in the BW favors the separation of the
photo generated charge carriers and increases the charge
carrier lifetime, improving the photo catalytic performance
of FeBWs.

3.2. Comparisons of photo catalytic activity of FeBWs

Figs. 7a, 7b and 7c show the decolorization of RR2 by
adsorption, solar-light photo catalysis and visible-light
photo catalysis, respectively, by various FeBWs. After
60 min of reaction, the degrees of RR2 decolorization
by adsorption onto BW, 0.1FeBW, 0.25FeBW, 0.5FeBW,
1FeBW, 2FeBW, 5FeBW and 10FeBW were 17%, 88%, 73%,
28%, 56%, 22%, 26% and 1%, respectively; those by solar-
light photo catalysis by BW, 0.1FeBW, 0.25FeBW, 0.5FeBW,
1FeBW, 2FeBW, 5FeBW and 10FeBW were 95%, 95%, 74%,
85%, 86%, 95%, 97% and 92%, respectively; and those by
visible-light photo catalysis by BW, 0.1FeBW, 0.25FeBW,
0.5FeBW, 1FeBW, 2FeBW, 5FeBW and 10FeBW were 22%,
78%, 88%, 65%, 86%, 85%, 99% and 65%, respectively. A net
RR2 removal (photo catalysis - adsorption) of more than
60% was achieved when the Fe/W molar ratio exceeded
unity. 5FeBW exhibited the highest efficiency of the solar-
light and visible-light photo catalysis of the decolorization
of RR2. The pseudo-first-order equation [Eq. (1)] was used
to compare the rates of photo catalysis [40,41].

In(C/C,) = —kt (1)

where C, t and C, are the initial RR2 concentration (mg/L),
reaction time, and RR2 concentration at time t (mg/L),
respectively, and k is the pseudo-first-order rate con-
stant (h™). Table 2 presents the RR2 decolorization photo
catalysis rate constants of BW and FeBWs. For solar-light
photo catalysis, the k values followed the order 5FeBW >
10FeBW > 0.1FeBW > BW > 1FeBW > 2FeBW > 0.5FeBW
> 0.25FeBW; for visible-light photo catalysis, the k values
followed the order 5FeBW > 1FeBW > 2FeBW > 0.25FeBW
> 0.1FeBW > 10FeBW > 0.5FeBW > BW. Notably, 5FeBW
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Fig. 7. Decolorization of RR2 by BW and FeBWs (a) adsorption
(b) solar-light photo catalysis (c) visible-light photo catalysis
([RR2] =20 mg/L, [photo catalyst] = 0.5 g/L, pH = 3).

exhibited the highest photo catalytic activity of all of the
prepared photo catalysts; moreover, doping with iron ions
increased the photo catalytic activity of BW under visi-
ble-light. Photo generated electrons in the valance band
of BW are transferred directly to Fe®, resulting in the
transformation of Fe** into Fe*, inhibiting the recombina-
tion of photo generated holes, prolonging the lifetime of
photo generated electrons and facilitating the reduction of
oxygen by the trapped electrons to generate super oxide
radicals. The iron ions acted as traps of photo generated
electrons and inhibited the recombination of electron-hole
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Table 2
RR2 photo catalysis rate constants of prepared BW and FeBWs

Solar-light Visible-light

Photo catalysts k (h™) R? k (h™) R?

BW 3.34 0.999 0.11 0.903
0.1IFeBW 4.29 0.999 1.06 0.940
0.25FeBW 243 0.999 1.58 0.969
0.5FeBW 2.85 0.957 0.76 0.949
1FeBW 3.25 0.973 3.25 0973
2FeBW 2.86 0.995 2.00 0.989
5FeBW 8.48 0.989 7.36 0.976
10FeBW 432 0.990 0.97 0.950

pairs, which extended the lifetimes of photo generated
electrons and holes. Egs. (2) and (3) describe the involve-
ment of Fe** and Fe*, respectively, in photo catalysis by
FeBWs. The simultaneous presence of both Fe** and Fe?* in
5FeBW increased the separation of photo generated elec-
tron-hole pairs.

Fe* + e — Fe? )
Fe?* + h* — Fe’* (3)

Many factors affect the photo catalytic performance
of a photo catalyst; they include surface area, adsorption
capacity, optical absorption and carrier recombination rate.
Alarger surface area typically corresponds to a smaller par-
ticle size and a higher adsorption capacity, favoring photo
catalytic activity. The enhancement of the photo catalytic
performance of the FeBWs herein was attributed to efficient
electron-hole pair separation. The efficient electron-hole
pair separation in the FeBWs system is the most important
factor that affects the photo catalytic activity [4]. Guo et al.
[3] reported that the iron-loaded BW shifted the absorption
band into the visible-light region and the photo catalytic
degradation of toluene exceeded that of pure BW. Modifica-
tion with iron ions increased the rate of separation of photo
generated electron-hole pairs because the iron ions acted as
traps and reduced the recombination rate of photo gener-
ated electron-hole pairs.

To elucidate the mechanism of photo degradation, trap-
ping experiments were conducted and the major active
species were evaluated by using three sacrificial agents in
the photo catalysis process. Cr(VI) was used as the photo
generated electron scavenger to determine whether super
oxide radicals were present. Cr(VI) [42], EDTA-2Na [34,43]
and IPA [34,43] were utilized as super oxide radicals, holes
and hydroxyl radical scavengers, respectively, to trap radi-
cals and holes. Fig. 8 plots the photo catalysis of RR2 by the
solar-light/5FeBW system in the presence of various scav-
engers. After 60 min of reaction under solar-light irradia-
tion, the percentages of RR2 decolorization in the 5FeBW,
5FeBW/IPA, 5FeBW/EDTA-2Na and 5FeBW/Cr(VI) sys-
tems were 97%, 95%, 74% and 93%, respectively. The k
values of the 5FeBW, 5FeBW /IPA, 5FeBW /EDTA-2Na and
5FeBW/Cr(VI) systems under solar-light irradiation were

——S5FeBW
—a—5FeBW/IPA
08 —e—5FeBW/EDTA-2Na
—a—5FeBW/Cr(VI)
_0.6
9
]
04
0.2

0 10 20 30 40 50 60
Time (min)

Fig. 8. Photo catalysis of RR2 in solar-light/5FeBW system in the
presence of various scavengers.

8.48, 7.42, 1.28 and 2.66 h™, respectively. Adding EDTA-
2Na effectively suppressed the photo catalytic efficiency of
5FeBW (Fig. 8), indicating that the photo generated holes
were the major active species in the RR2 photo degrada-
tion process. Furthermore, the presence of Cr(VI) reduced
the efficiency of RR2 degradation from 8.48 h™ to 2.66 h™,
suggesting that the super oxide radicals played a crucial
role in photo catalytic oxidation. In contrast, adding IPA
caused only minute changed in the photo catalytic activity
of 5FeBW, implying that the role of the hydroxyl radicals
was negligible so these radicals were not the main oxida-
tion species in the photo degradation process. Bastami et
al. [14] found that the photo generated holes were found
to be the main active species in the degradation of ibupro-
fen by Fe,O,/BW nano hybrids. Zhang et al. [7] revealed
that photo generated holes played an important part and
hydroxyl radicals played a negligible role in the Zr**-doped
BW system, as they did in 5FeBW herein.

The reusability of a photo catalyst is an important fac-
tor in determining its practical applicability. The stability
and reusability of 5FeBW were investigated by performing
cycling runs of the decolorization of RR2 under solar-light
irradiation, as depicted in Fig. 9. Over three cycles, the
proportion of RR2 that was removed by solar-light/BW
at 60 min of reaction fell from 95% to 72% [44]; the corre-
sponding decrease for solar-light/5FeBW was from 96% to
75% (Fig. 9). The photo catalytic activity of BW and 5FeBW
declined over three cycles, probably because of the formation
of a residual by-product of RR2 on the surface of the photo
catalysts, which occupied some of their active sites. Dong et
al. [45] and Qiu et al. [46] suggested that dopant Fe ions may
be released into the solution after the reaction, deactivating
the catalysts. Qiu et al. [46] verified the dissolution of Fe,O,
in eight cycles used catalyst, using TEM images. This inves-
tigation also suggested that TEM measurements could be
made to verify the deactivation of catalysts. The k values of
solar-light/BW in runs 1, 2 and 3 were 2.86, 1.11 and 1.09 h™,
respectively [44], and those of solar-light/5FeBW in runs 1, 2
and 3 were 8.48, 2.68 and 1.24 h™', respectively. In each run,
the rate of RR2 decolorization by 5FeBW exceeded that by
BW under solar-light irradiation. This study suggested that
doping iron ions into BW improved not only its photo cata-
lytic activity but also its reusability.
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Fig. 9. Profiles of cyclic photo catalysis for RR2 in solar-light/5Fe-
BW system.

4. Conclusions

In this investigation, high-performance visible-light-in-
duced FeBWs were synthesized by the single-step solvo-
thermal process for the first time. Iron doping inhibited
grain growth and increased the surface area of BW. Some
of the iron ions entered the lattice of BW and substituted
Bi** and/or W® ions, altering the crystal structure of BW.
FeBWs exhibited significantly increased absorption of visi-
ble-light. Photo generated electrons in the valance band of
BW are transferred directly to Fe*, resulting in the trans-
formation of Fe* into Fe*, inhibiting the recombination
of photo generated holes, prolonging the lifetime of photo
generated electron-hole pairs and facilitating the photo cat-
alytic performance of FeBWs.
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