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The visible-light-driven Fe-doped Bi2WO6-BiVO4 composites have been synthesized via a hydrothermal method with 
varying nominal iron contents in the range of 0.5–5.0 mol%. The physicochemical properties of the obtained materials 
were characterized by X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET)-specific surface area, transmission electron 
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), inductively coupled plasma-optical emission spectroscopy 
(ICP-OES), UV-vis diffuse reflectance spectroscopy (UV-vis DRS), and photoluminescence (PL) techniques. Methylene blue 
(MB) as probe pollutant was adopted to investigate the photocatalytic activity of all samples under visible light irradiation. 
The Fe-doped Bi2WO6-BiVO4 composites showed an enhanced photocatalytic activity for the degradation of MB under 
visible light, which was attributed to iron ion acting as a good electron and hole traps for facilitating in separation of 
charge carriers. Simultaneously, high stability of the sample was also investigated by five times of successive 
photodegradation testing of MB under visible light. The relationship between photocatalytic activities and the structures 
of Fe-doped Bi2WO6-BiVO4 composites were discussed. The possible photocatalytic mechanism of the composites was 
proposed to guide the further improvement of their photocatalytic performance.

1 Introduction 

Semiconductor-based photocatalysis has been receiving a great 
deal of attention due to its prominent ability in eliminating harmful 
organic pollutants in water.1,2 The key to enhance the 
photocatalytic activity of semiconductor mainly lies in effectively 
combining photon absorption, bulk diffusion and separation of 
photoexcited electron-hole pairs.3 In recent years, bismuth 
vanadate (BiVO4) has been one of the most appealing candidates in 
the treatment of dye-containing wastewaters.4 BiVO4 have three 
main crystalline structures such as tetragonal scheelite, tetragonal 
zircon and monoclinic scheelite. The BiVO4 has attracted in 
considerable interest for its good visible-light-induced 
photocatalytic property.5-7 However, the low separation efficiency 
of photoinduced electrons and holes, limit wide application of 
BiVO4 in the fields of environment remediation.8,9 To resolve this 
problem, the composite photocatalysts comprised of two 
semiconducting oxides has been alternated to enhance the 
photocatalytic performance by improving the charge carrier 
separation.10-12 Bismuth tungstate (Bi2WO6) has also attracted 
interest to be a promising visible-light-driven photocatalyst material 
owing to its good photocatalytic performance.13,14 The production 
of a Bi2WO6/BiVO4 composite is proposed as a way to reduce losses 
from electron-hole pair recombination, thereby improve 
photocatalytic performance. Moreover, an effective approach to 
increase photocatalytic efficiency of Bi2WO6-BiVO4 composite is by  
doping it with transition metal ions such as Fe, Mo, Cu, Ni, Co and  

 
 
so on.15,16 The enhancement of photocatalytic activity is achieved 
possibly due to the metals acting as electron and hole traps, so it 
promotes electron-hole separation and the interfacial charge-
transfer process.17-19 For in this work, iron (III) ion (Fe3+) candidate 
was selected as a metal ion for trapping electron by doping to 
BiVO4-Bi2WO6 composite. The fabrication of Fe-doped Bi2WO6-
BiVO4 composite is a challenging task in photocatalytic applications. 
To the best of our knowledge, investigations on the photocatalytic 
activity of Fe-doped Bi2WO6-BiVO4 composite have not been 
attempted yet. This novel system was expected on band theory 
basis to its potential advantages, such as improvement of the 
tuneable light absorption, the photogenerated electron-hole 
separation, the interfacial charge transfer efficiency, and the 
oxidation ability. 

In this study, we fabricated Fe-doped Bi2WO6-BiVO4 composites 
by a hydrothermal method and characterized in detail. The different 
amounts of iron in Bi2WO6-BiVO4 system were varied in the range of 
0.5-5.0 mol%. The photocatalytic activity of all samples were 
examined by utilizing methylene blue (MB) as a target pollutant 
under visible-light irradiation (λ > 400 nm). Recycled stability test 
were evaluated for indicating that the presence of Fe-doped 
Bi2WO6-BiVO4 composite contributes to photocorrosion inhibition 
for effectively applying photocatalytic activity. The possible 
photocatalytic mechanisms of Fe-doped Bi2WO6-BiVO4 composite 
were proposed.  

2 Experimental 

2.1 Synthesis of the photocatalysts 

2.1.1 Synthesis of bismuth tungstate (Bi2WO6) 

Bi2WO6 particles were synthesized by using a hydrothermal 
method. Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O) and sodium 
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tungstate dihydate (Na2WO4·2H2O) were used as precursors. Firstly, 
0.008 M of Bi(NO3)3·5H2O was dissolved in 2.5 M of nitric acid 
solution while 0.004 M of Na2WO4·2H2O was dissolved in deionized 
water. The mixture of both solutions was kept under constant 
stirring until a homogeneous solution was obtained. Secondly, 6.0 
M ammonium hydroxide (NH4OH) was slowly added into the 
homogeneous solution until its pH equal to 7. The obtained solution 
was transferred into a teflon-lined stainless steel autoclave and 
then the hydrothermal reaction was carried out at 200°C for 24 h. 
Finally, the precipitates were washed with deionized water for 
several times and dried at temperature of 80°C for 24 h. The 
precipitates were finally collected by centrifugation and then 
washed 3 times with deionized water and dried at 80°C for 24 h. 

2.1.2 Synthesis of Bi2WO6-BiVO4 and 0.5-5.0 mol% Fe-doped 

Bi2WO6-BiVO4 composites 

The Bi2WO6-BiVO4 composite was synthesized with 1:1 mole 
ratio of Bi2WO6:BiVO4 by hydrothermal method. Firstly, 0.1 M 
of bismuth nitrate pentahydrate (Bi(NO3)3·5H2O) and 0.1 M of 
ammonium metavanadate (NH4VO3) was dissolved in 2.5 M of 
nitric acid. Secondly, 6.0 M of ammonium hydroxide was 
added dropwise into the solution for adjusting its pH to 4.5. 
Then, the completely prepared Bi2WO6 powders were added 
into the mixed solution in 1:1 of Bi2WO6:BiVO4. After that, the 
suspension was transferred into a teflon-lined stainless steel 
autoclave and the hydrothermal reaction was carried out at 

180°C for 6 h. Finally, Bi2WO6-BiVO4 composite was obtained 
by filtrating and drying at 80 °C for 24 h. For controlling the 
experiment, pure BiVO4 photocatalyst was also prepared with 
the same synthesis procedure but without adding Bi2WO6 
particles. 

To synthesize Fe-doped Bi2WO6-BiVO4 composites, an amount 
of iron with different mole percentages of 0.5, 1.0, 2.0 and, 5.0 
calculated from nitrate nonahydrate (Fe(NO3)3·9H2O) solution was 
added to the above solution of the prepared BiVO4 in the same time 
with Bi2WO6 particles adding. The resulting suspension was then 
dispersed with ultrasonication bath. The obtained suspension was 
heated at temperature of 180°C for 6 h into a teflon-lined stainless 
steel autoclave. Finally, the precipitates were washed with 
deionized water for several times until pH equal to 7 and dried at 
temperature of 80°C for 24 h. 

2.2 Sample characterization 

The crystal structure of all samples were examined by X-ray 
diffraction (XRD, Philips X’Pert MPD) with Cu Kα irradiation 
(λ=1.5418 nm) in 2θ ranging from 20° to 60°. Transmission electron 
microscopy (TEM) images were taken using a JEOL JEM-2010 for 
investigating of their morphologies and d-spacing values. The 
Brunauer-Emmett-Teller (BET) method was employed to determine 
the surface area of the prepared samples by nitrogen absorption-
desorption isotherm analysis at 80°C (Autosorb 1 MP, 
Quantachrom). X-ray photoelectron spectroscopy (XPS) was carried 
out on a Kratos Axis ULTRA “DLD” instrument equipped with a 
monochromatic source (Al Kα X-rays at 1.4 keV). The binding energy 
of the adventitious carbon (C 1s) line at 285 eV was used for 
calibration, and the positions of other peaks were corrected 
according to the position of the C 1s signal. Actual iron doping 
concentration was determined using inductively coupled plasma-
optical emission spectroscopy (ICP-OES, Perkin-Elmer Optima 
4300DV). UV-vis diffuse reflectance spectra of the prepared 
samples were collected on a UV-vis spectrometer (Perkin Elmer 
Lambda 1050) by using MgO as a reference and were converted 
from reflectance to absorbance by using Kubelka-Munk method. 

The photoluminescence (PL) technique was used to measure the 
emission properties of all samples using AvaSpec-2048TEC-USB2-2 
spectrophotometer excited through LED (Oceans optics, LLS-345) as 
a light source at wavelength of 345 nm. 

2.3 Photocatalytic activity experiments 

Photocatalytic activities of all samples were examined by the 
degradation of methylene blue (MB) with the initial concentration 
of 2x10-5 M under visible light illumination. A 50 W halogen lamp 
(Essential MR, Philips (Thailand)), providing a light intensity of ~640 
W m-2  was used as a visible light source filtered with a filter glass to 
remove UV range of the light (λ≤400 nm). In a typical run, 0.1 g of 
catalyst was were suspended in 100 mL of MB solution. The 
suspension was stirred in the dark for 24 h to obtain a good 
dispersion and establish adsorption-desorption equilibrium 
between the organic molecules and the catalyst surface. After 
illumination at each time of 0, 15, 30, 45, 60, 75, 90, 105 and 120 
min, 5 mL of the solution was removed and immediately 
centrifuged to separate the solid. The clean transparent solution 
was analyzed using UV-vis spectrophotometer (Shimadzu UV-1800) 
recording the variations in the maximum absorption wavelength at 
664 nm of MB. The photodegradation percentage of MB was 

calculated following the equation: %degradation=[(C0-Ct)/C0]×100, 
where C0 is the initial concentration of MB after adsorption-
desorption equilibrium and Ct is the concentration of MB at the 
specific testing time during the degradation. 

2.4 Analysis of hydroxyl radical (OH
•
)  

The formation of hydroxyl radical (OH•) on the surface of 2.0 mol% 
Fe-doped Bi2WO6-BiVO4 composite which pass though photo-
illumination was detected using photoluminescence (PL) technique 
composing of terephthalic acid as a probe molecule. Terephthalic 
acid (TA) readily reacts with OH• to produce highly fluorescent 
product of 2-hydroxyterephthalic acid.20 The intensity of the 
photoluminescence (PL) peak of 2-hydroxyterephtalic acid depends 
on the amount of OH• radicals produced in water. The optimal 
concentrations were found 5×10-4 M of terephthalic acid solution 
and 2×10-3 M of a diluted sodium hydroxide (NaOH) aqueous 
solution. This method relies on the PL signal at 425 nm of the 
hydroxylation of terephthalic acid with OH• generated in 
photocatalysis process. In a typical run, 0.1 g of 2.0 mol% Fe-doped 
Bi2WO6-BiVO4 composite was dispersed into 100 mL of the TA 
solution mixture. The solution was collected every 30 min during 
visible light illumination in order to estimate the generated TA-OH•, 
analyzed by fluorescence spectroscopy at 425 nm. 

3. Results and discussion 

3.1 XRD and BET analyses 

XRD pattern of all samples was shown in Fig. 1a. The crystal 
structure of BiVO4 reveals to the monoclinic and tetragonal 
crystalline phases. The main monoclinic peaks were appeared at 2θ 
= 28.83°, 30.51°, 34.56°, 35.26°, 39.78°, 42.50°, 46.69°and 47.28° 

which corresponds to the (121), (040), (200), (002), (211), (051), 
(240) and (042) planes of BiVO4 (JCPDS file No. 14-0688), 
respectively. The two strong diffraction peaks at 2θ of 24.37° and 

32.69° are belonging to the (200) and (112) planes of tetragonal 
BiVO4 which corresponds to JCPDS file no. 14-0133. The diffraction 
peaks of Bi2WO6 show the orthorhombic phase at 2θ of 28.47°, 

32.89°, 47.29° and 55.93°, which can be indexed as the  (113), (200), 
(220) and (313) planes corresponding to JCPDS files no. 73-1126.  
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The XRD pattern of the composites displays the diffraction peaks 
from both Bi2WO6 and BiVO4 phases. No diffraction peaks from any 
other impurities are detected, confirming the high purity of this 
composite. 
 

Fig. 1 XRD patterns of BiVO4, Bi2WO6 and Fe-doped Bi2WO6-BiVO4 
with nominal iron contents of 0.5-5.0 mol% in the 2θ range (a) 20°-
60° and (b) 26°-30°. 
 

The XRD peak of Fe dopant was not detected, possibly because 
iron was doped in the range of very low concentration. Peak 

position of (113) and (121) planes of orthorhombic Bi2WO6 and 
monoclinic BiVO4, respectively, shift upon doping with iron. This 
phenomenon indicates that the distortion of individual Bi2WO6 and 
BiVO4 crystal lattice by iron dopant18,19 as shown in Fig. 1b. The 
result was ascribed both BiVO4 and Bi2WO6 lattice distortions to the 
substitution of bismuth ion with iron ion, corresponding to the ionic 
radius of Fe3+ (0.64 Å)21 which was slightly smaller than that of Bi3+ 
(1.11 Å).22 The observed shift in the (113) peak of Bi2WO6 to a lower 
2θ values (larger d-spacing), possibly due to an expansion of the 
lattice in the Bi2WO6 unit cell. The lattice expansion in Bi2WO6-
BiVO4 composite and 0.5-5.0 mol% Fe-doped Bi2WO6-BiVO4 
composites could occur from 2-step heat treatment of Bi2WO6 

according to the preparation method as described in section of “2.1 
Synthesis of the photocatalysts”. Moreover, the (113) peak of 
Bi2WO6 shift gradually to smaller angle with increasing iron dopant 
concentration. This implies that some Fe3+ ions could incorporate in 
Bi2WO6. 

The values of specific surface area for BiVO4, Bi2WO6, 
Bi2WO6/BiVO4, and 2.0 mol% Fe-doped Bi2WO6-BiVO4 samples were 
13.6 m2 g-1, 44.0 m2 g-1, 22.0 m2 g-1, and 26.9 m2 g-1, respectively. 
The BET results show that doping of Bi2WO6/BiVO4 composite with 
Fe ions, resulting in an increase of specific surface area. It was 
possibly due to Fe3+ substituted for Bi3+ in Bi2WO6 and BiVO4 lattice. 
A large number of surface area with nanoparticles due to 
adsorption, desorption and diffusion of the reactants is favorable 
for improving photocatalytic activity.23 However, the enhancement 
of photocatalytic activity is related to various factors such as type of 
catalyst, crystal structure, morphology, pH, light intensity, and so on 
which is not only for the surface area alone.  

3.2 TEM analysis 

Pure BiVO4 (Fig. 2a) presents rod-like structure with sizes in the 
range of 50-80 nm in width and 100-200 nm in length. The d-

spacing of 0.3083 nm is in good agreement with the (121) plane of 
BiVO4 as shown in Fig. 2b. The morphology of pure Bi2WO6 (Fig. 2c) 
shows plate-like shape with size approximately 100 nm in both 
edges of its shape. The fringe spacing of 0.2729 nm and 0.4109 nm 
corresponds to the (200) and (040) planes of Bi2WO6 (Fig. 2d). The 
morphology of Bi2WO6-BiVO4 sample consists of rod-like and plate-
like structures as shown in Fig. 2e. The fringe spacing of 0.2926 nm 
matches with (040) plane of BiVO4, while the plane of Bi2WO6 was 
not observed as shown in Fig. 2f. The TEM images of 2.0 mol% Fe-
doped Bi2WO6-BiVO4 composite are similar to rod- and plate-like 
structures of BiVO4 and Bi2WO6 as displayed in Fig. 2g. The d-
spacing observed lattice fringe of 0.3084 and 0.2720 nm in Fig. 2h 

corresponds to the (121) crystallographic plane of BiVO4 and the 
(002) crystallographic plane of the Bi2WO6, respectively.  

3.3 XPS and ICP analyses 

The surface composition and chemical state of Bi2WO6, BiVO4, and 
2.0 mol% Fe-doped Bi2WO6-BiVO4 were identified by X-ray 
photoelectron spectroscopy (XPS). The spectrum of Bi 4f displayed 
double peaks located at ∼159 and ∼164 eV, corresponding to Bi 
4f7/2 and Bi 4f5/2, respectively, which could be assigned to Bi3+ as 
displayed in Fig. 3a.24,25 For 2.0 mol%Fe-doped Bi2WO6-BiVO4, two 
peaks ascribed to Bi 4f7/2 and Bi 4f5/2 are located at 159.48 eV and 
164.78 eV, respectively, which show slightly shifting towards higher 
binding energy comparing with the pure Bi2WO6 (159.38 eV and 
164.71 eV) and BiVO4 (158.94 eV and 164.27 eV). This result 
indicates there is the strong chemical bond generated between 
BiVO4 and Bi2WO6 for forming the composite. Moreover, it should 
be ascribed to the changing chemical coordination environment of 
Bi surroundings. This implies that the successful substitution of Fe3+ 
for Bi3+ in BiVO4 and Bi2WO6. Fig. 3b exhibits the XPS spectra of V 2p 
orbital in BiVO4 and 2.0 mol% Fe-doped Bi2WO6-BiVO4. The V 2p 
peaks are centered at about 517 eV for V 2p3/2 and 525 eV for V 
2p1/2, corresponding to V5+ in BiVO4.24,25 The peaks at about 516 eV 
for V 2p3/2 and 524 eV for V 2p1/2 may be ascribed to V5+ oxidation 
state in V2O5. The XPS spectra of W 4f display prominent peaks at 
about 35 eV and 37 eV, corresponding to W 4f7/2 and W 4f5/2, 
respectively, which be ascribed to W6+ oxidation state26,27 in Bi2WO6 
and 2.0 mol% Fe-doped Bi2WO6-BiVO4, as represented in Fig. 3c. 
The peaks located at 711.28 and 724.96 eV can be assignable to Fe 
2p3/2 and Fe 2p1/2, orderly, corresponding to Fe3+ as shown in Fig. 
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3d.28,29 Fig. 3e shows the XPS spectra of O 1s of Bi2WO6, BiVO4, and 
2.0 mol% Fe-doped Bi2WO6-BiVO4. O 1s signal of these samples can 
be deconvoluted into five main peaks in the range of 529-533 eV. 
The O 1s main component at about 529-530 eV can be attributed to 
the lattice oxygen (O2–) of metal oxide semiconductor while small 
peaks center at about 531-533 eV may be ascribed to the 
chemisorbed oxygen and hydroxyl species or adsorbed water 
species from Bi2WO6 and BiVO4 particles.30-32 
 

 

 

 
 

Fig. 2 TEM images and lattice fringes of (a,b) BiVO4, (c,d) Bi2WO6, 
(e,f) Bi2WO6-BiVO4 and (g,h) 2.0 mol% Fe-doped Bi2WO6-BiVO4 
samples. 

 
 

 
 

 
 

 
 

 
 

Fig. 3 XPS spectra of (a) Bi 4f, (b) V 2p, (c) W 4f (d) Fe 2p and (e) O 
1s of Bi2WO6, BiVO4 and 2.0 mol% Fe-doped Bi2WO6-BiVO4. 
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According to the ICP analysis, the iron amount of 0.45, 0.90, 
1.90, 4.50 mol% in Bi2WO6-BiVO4 composites were investigated 
from the nominal 0.5, 1.0, 2.0, 5.0 mol% Fe-doped Bi2WO6-BiVO4 

composite, respectively. This suggests that the degree of Fe doping 
in the as-synthesized products agrees well with the initial Fe 
content (0.5-5.0 mol%) and the synthesis process does not lead to 
significant Fe loss over the investigated compositional range. 

 
3.4 UV-vis DRS analysis 

UV-vis diffuse-reflectance spectroscopy (UV-vis DRS) is an 
important method for characterizing the electronic states and 
optical properties of semiconductor materials. UV-vis diffuse 
reflectance spectra of BiVO4, Bi2WO6, Bi2WO6-BiVO4 and 2.0 mol% 
Fe-doped Bi2WO6-BiVO4 samples were shown in Fig. 4. 

 
 

Fig. 4 UV-vis DRS relationship between Kubelka-Munk (KM) 
absorption versus wavelength of (a) BiVO4, (b) Bi2WO6, (c) Bi2WO6-
BiVO4 and (d) 2.0 mol% Fe-doped Bi2WO6-BiVO4 samples. 

The absorption spectra can be calculated from the reflectance with 
Kubelka-Munk (KM) function, as given by the equation: F(R∞) = (1-
R∞)2/2R∞, where F(R∞) is proportional to the absorption constant of 
the material, it is indicative of the absorbance of the sample at 
particular wavelength.33,34 The samples exhibited an intense 
absorption in the visible-light range, which suggests the property of 
being photoactive under visible-light irradiation. The band gap of 
the samples can be estimated from the equation; Eg = hc/λ, where 
Eg is the band gap, h is Planck’s constant (6.626×10-34 J·s), c is speed 
of light (2.99 x 108 m/s, and λ is the wavelength. From the band gap 
calculation, it was found that band gaps of the photocatalysts 
decrease in the following order: 
Bi2WO6 (3.02 eV) > Bi2WO6-BiVO4 (2.91eV) > BiVO4 (2.55 eV) >       

2.0 mol% Fe-Bi2WO6-BiVO4 (2.52 eV) 

 
3.5 Photocatalytic activity testing 

The photocatalytic activities of all samples were studied via 
methylene blue degradation under visible-light irradiation. The MB 
photolysis was found to be 7% under halogen lamp irradiation 
without photocatalysts. The photocatalytic efficiencies of BiVO4, 
Bi2WO6, Bi2WO6-BiVO4, and 0.5, 1.0, 2.0, 5.0 mol% Fe-doped 
Bi2WO6-BiVO4 catalysts were found to be 14%, 17%, 38%, 23%, 21%, 
46% and 31%, respectively (Fig. 5a). For comparison, the 
photocatalytic activity of 2.0 mol% Fe-doped BiVO4 and 2.0 mol% 
Fe-doped Bi2WO6 were evaluated as shown in Fig. S1. The 
photocatalytic activity of 2.0 mol% Fe-doped Bi2WO6-BiVO4 
composite is better than that of pure and other doped samples. 
However, the Bi2WO6 reveals the highest specific surface area (44 
m2 g-1) while its photocatalytic property was lower in the 
photodegradation of methylene blue. This could be ascribed to the 
photocatalytic performance depending on many factors such as 
crystallinity, light absorption, and type of catalyst.35,36 Lower or 
higher concentration of iron would lead to a decreased the 
photocatalytic performance. The increment of photocatalytic 
activity obtained in the case of 2.0 mol% Fe-doped Bi2WO6-BiVO4 
composite might also be ascribed to Fe ions acting as both electron 
and hole traps, which enhance the lifetimes of electrons and holes 
and reduce the e-/h+ pair recombination rate.37-40 Moreover, the 
mixed phases of monoclinic and tetragonal BiVO4 can be enhanced 
photocatalytic activity because a spatially separated electron and 
hole pairs between two distinct phases from the differing potential 
band levels.41-43 To further quantitatively comparing the 
photocatalytic efficiency of all samples, the pseudo-first-order 
reaction constant was taken using the following equation: ln (C0/Ct) 
= kappt, where kapp is the apparent pseudo first-order rate constant, 
C0 is the initial concentration of dye and Ct is the concentration of 
dye after irradiation time t.44 The time-course variation of ln(C0/Ct) 
is exhibited in Fig. 5b. These plots are shown in Fig. 5b, with a good 
fit observed for the aforementioned model ((R2) values closing to 
1). The pseudo-first-order reaction rate constants of all samples 
were calculated from the data as shown in Fig. 5c. The kapp value of 
2.0 mol% Fe-doped Bi2WO6-BiVO4 composite provides the highest 
photocatalytic activity (0.0051 min-1) within 120 min of irradiation. 
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Fig. 5 (A) Photocatalytic activities relationship between Ct/C0 versus 
irradiation time and (B) and (C) kinetic plot of apparent association 
rate constant kapp (min-1) of (a) MB photolysis, (b) BiVO4, (c) Bi2WO6, 
(d) Bi2WO6-BiVO4, (e) 0.5Fe-Bi2WO6-BiVO4, (f) 1.0Fe-Bi2WO6-BiVO4, 
(g) 2.0Fe-Bi2WO6-BiVO4, (h) 5.0Fe-Bi2WO6-BiVO4 in the degradation 
of MB under visible light irradiation for 2 h. 
 

To evaluate the stability and reusability of 2.0 mol% Fe-doped 
Bi2WO6-BiVO4 composite, a recycling test was performed as 
presented in Fig. 6a. The photodegradation of MB was monitored 
for five cycles (each cycle lasted for 120 min). After 5 times cycling 
run, the apparent rate constants of the first run to the fifth run are 
decreased from 0.0051 to 0.0043 min-1 (approximate 8%) as shown 
in Fig. 6b. Therefore, 2.0 mol% Fe-doped Bi2WO6-BiVO4 composite is 
highly stable and does not suffer from the photocorrosion during 
the photocatalysis processes. 

 
3.6 Photocatalytic mechanism 

The proposed photocatalytic mechanism of 2.0 mol% Fe-doped 
Bi2WO6-BiVO4 composite toward the MB degradation under visible 
light irradiation is shown in Fig. 7. To understand the charge 
transfer behavior among Fe, Bi2WO6, and BiVO4, the band edge 
positions of the conduction band (CB) and the valence band (VB) of 
Bi2WO6 and BiVO4 samples can be calculated following the 
equation: E0

CB = χ-EC-0.5Eg, where χ is the electronegativity of the 

semiconductor, EC is the energy of free electrons on the hydrogen 
scale of 4.5 eV, and the χ value of BiVO4 and Bi2WO6 are 6.03 eV45 
and 6.36 eV46, respectively. The valence band energy (EVB) can be 
calculated by following equation: EVB = ECB+Eg, where ECB is 
conduction band energy. The Eg values of about 3.07 eV and 2.54 eV 
of Bi2WO6 and BiVO4, respectively, are evaluated from UV-vis DRS 
analysis. Based on the band gap positions, the CB and VB edge 
potentials of Bi2WO6 were determined at 0.44 and 3.28 eV, 
respectively. The CB and VB edge potentials of BiVO4 were at 0.26 
and 2.80 eV, respectively. 

 

 
 

Fig. 6 (a) Recycling runs and (b) rate constants of 2.0 mol% Fe-
Bi2WO6-BiVO4 sample for MB degradation within 2 h.   
 

 

Fig. 7 Photocatalytic mechanism of Fe-doped Bi2WO6-BiVO4 
composite for the MB degradation under visible light irradiation. 

The enhanced photocatalytic processes could also be explained 
by the increased generation of highly oxidizing hydroxyl radical 
(OH•). As shown in Fig. 7, Fe-doped Bi2WO6-BiVO4 composite was 
excited by visible light irradiation, which induced the generation of 
electron-hole (e−/h+) pairs (Eq. (1)). Under visible light irradiation, 
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MB molecule 1.17 eV) in aqueous solution can adsorb the visible 
light to generate the MB* (-0.69 eV) and then inject electrons to CB 
of BiVO4, and BiVO4 can also be activated by visible light to generate 
electron and hole pairs. The photoexcited electrons (e−

CB) from 
BiVO4 will transfer to the conduction band of Bi2WO6 catalysts due 
to the conduction band of BiVO4 is more negative than that of 
Bi2WO6. The electrons will then react with the O2 surface 
adsorbates to form superoxide anion radical (O2

•−
) (Eq. (2). The O2

•−
 

radicals then react with hydroperoxyl radical (HO2
•) to produce 

hydrogen peroxide (H2O2), subsequently produce hydroxyl radicals 
(Eq. (3-5)). These hydroxyl radicals will further oxidize the MB 
molecules. Following, the photoexcited holes (h+

VB) on the surface 
of Bi2WO6 will react with surface chemisorbed water (H2O) and 
hydroxide ion (OH−) to produce hydroxyl radicals (OH•) (Eq. (6-7)).  
The obtained strong oxidizing agent of hydroxyl radical (OH•) can 
also degrade MB (Eq. (8)). The detailed photodegradation reaction 
processes are as follows: 

 
Fe-Bi2WO6-BiVO4 + hυ → Fe-Bi2WO6-BiVO4 (h+

VB + e−
CB) (1) 

 
Reductive reaction: 
Fe-Bi2WO6-BiVO4 (e−

CB) + O2 → O2
•−

       (2) 
O2

•−
 + MB → MB + O2

•          (3) 
O2

•−
 + HO2

• + H+ → H2O2 + O2        (4) 
H2O2 → 2OH•             (5) 
 
Oxidative reaction: 
Fe-Bi2WO6-BiVO4 (h+

VB) + H2O → OH• + H+     (6) 
Fe-Bi2WO6-BiVO4 (h+

VB) + OH− → OH•       (7) 
OH• + MB → degradation products       (8) 

 
The outcomes of intermediate and final products are important 

to understand the photocatalytic degradation pathway of 
methylene blue. This point was illustrated in the work of Houas et 
al.47 which detected sulfoxide group, phenolic compound, amino 
group as the intermediates and sulfate (SO4

2-), nitrate (NO3-), 
ammonium cation (NH4+), carbon dioxide (CO2) as the final products 
of the photocatalytic degradation of methylene blue using titanium 
dioxide. Huang et al.48 also found the CO2 as a final production was 
produced from MB degradation. Moreover, the photogenerated 
electron-hole pairs are able to be separated for into trap states in 
the doped material. The presence of Fe3+, as shown in XPS analysis 
may act as electron acceptor (from Fe3+ to Fe2+) at 0.77 eV and/or 
hole donor (from Fe3+ to Fe4+) at 2.20 eV to facilitate charge carrier 
localization and hence prolonged separation by trapping at energy 
levels close to the conduction or valence bands, respectively.49 
Therefore, the Fe3+ doping could be effective in producing materials 
that (1) delay electron-hole recombination, thereby increasing the 
lifetime of the electron-hole separation50 as confirmed in PL results 
and (2) support the charge carrier transfer to the catalyst surface. 

The effective charge carrier separation all samples were 
confirmed by the photoluminescence (PL) technique51,52 as shown 
in Fig. 8a. The PL intensity of the 2.0 mol% Fe-doped Bi2WO6-BiVO4 
composite is lower than that of either pure BiVO4 or Bi2WO6 due to 
lower charges recombination rate. This suggests that the forming 
composite of these two metal oxides can be enhanced the electron-
hole pairs separation.53,54 Moreover, the photoluminescence 
spectra for the 2.0 mol% Fe-doped BiVO4 and 2.0 mol% Fe-doped 
Bi2WO6 samples were given for comparing in Fig. S2. The PL 
intensities of these materials were higher than that of 2.0 mol% Fe-
doped Bi2WO6-BiVO4 composite. This indicates that the electron 
and hole pairs can be recombined quickly, resulting in decrease of 

the photocatalytic activity. However, the 5.0 mol% Fe-doped 
Bi2WO6-BiVO4 composite exhibited the lowest PL intensity but its 
photocatalytic activity was not the highest value. We attributed this 
non-consistent of PL and photocatalytic activity to the formation of 
a recombination center from the excess amount of iron (5.0 mol%) 
in the composite.55 To further confirm the effective production of 
hydroxyl radicals (OH•) on the surface of 2.0 mol % Fe-doped 
Bi2WO6-BiVO4 composite was measured via the reaction of 
terephthalic acid (TA) with OH•, and then formed as a fluorescent 2-
hydroxy terephthalate (TA-OH•) which can be detected by 
fluorescence spectroscopy56 as shown in Fig. 8b. The PL intensity of 
fluorescent 2-hydroxy terephthalate (TA-OH•) located at 
approximated 425 nm and was found that the fluorescence spectra 
slightly increased with an increasing of irradiation time. 

 

 

 
 

Fig. 8 (a) Photoluminescence (PL) spectra of all samples and (b) 
fluorescence spectra of a TA-OH• solution generated by 2.0 mol% 
Fe-Bi2WO6-BiVO4 composite under visible light irradiation. 

4 Conclusions 

Powders made from Bi2WO6, BiVO4, Bi2WO6-BiVO4, and 0.5-5.0 
mol% Fe-doped Bi2WO6-BiVO4 particles were successfully prepared 
by a hydrothermal method. The 2.0 mol% Fe-doped Bi2WO6-BiVO4 
composite showed the highest photocatalytic activity for degrading 
of MB under visible light irradiation. This can be attributed to the 
synergic effects of various factors, such as the excellent crystallinity, 
amount of iron, charge transfer mechanism, hydroxyl radical 
production, and strong absorption in the visible light region. The Fe-
Bi2WO6-BiVO4 composite also showed excellent photostability 
under visible light and high recyclability for degradation of MB in 
aqueous solution, implying the possibility of its being used in 
industrial wastewater treatment in the future. 
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