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Abstract: In this work, a serious of Pr3+ doped Bi2WO6 had been prepared by one-step 6 

hydrothermal method without using any additive. XRD results showed that the Pr3+ doped 7 

Bi2WO6 possessed pure orthorhombic phase. XRD patterns shifted to higher angles with the 8 

doping amount of Pr3+ increasing indicated that Pr3+ was doped into the lattice of Bi2WO6. UV-vis 9 

DRS results revealed that the band gap was narrowed by Pr3+ doping. SEM and TEM images 10 

showed that the Pr3+ doped Bi2WO6 presented 3D flower-like microspheres constructed by many 11 

nanosheets. The photocatalytic activities of the as-prepared samples were evaluated by using 12 

rhodamine B (RhB) as the target organic pollutant. It was found that 1% Pr-Bi2WO6 exhibited 13 

excellent photocatalytic performance, as well as good stability and reusability. The improved 14 

photocatalytic activity can be ascribed to the optimum optical absorption activity, the larger 15 

specific surface area and the morphology of microspheres which resulted in the effective 16 

separation of the photogenerated electron hole pairs. In addition, the photocatalytic mechanism 17 

had been discussed according to the radical-trapping experiments. 18 
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1. Introduction 21 

With the rapid development of industrialization, large numbers of pollutants have been 22 

discharged into the environment irresponsibly. It has caused serious environmental problems 23 

worldwide [1,2]. Many methods including physical, chemical, and biologic ones have been taken 24 

to solve the environmental problems. However, they all cannot degrade the pollutants completely 25 

[3]. Recently, lots of researches have reported that the technology of photodegradation over 26 

semiconductors which can generate photogenerated electrons and holes shows great promise for 27 

environmental remediation [4]. The electrons and holes can transfer to the semiconductor surface 28 

and cause redox reactions in aqueous solution, and thus decomposing pollutions completely to 29 

carbon dioxide and water through utilizing solar energy [5]. 30 

A lot of excellent semiconductor photocatalysts with high catalytic activity and stability have 31 

been prepared so far, such as TiO2, ZnO, WO3, SrTiO3, BiVO4, Bi2WO6, CdS, ZnIn2S4, etc. [6-13] 32 

Among the various photocatalysts, Bi2WO6 has attracted considerable interests because of its 33 

excellent physical and chemical properties. Bi2WO6 has a band gap of 2.6~2.8 eV that absorbs a 34 

reasonable fraction of the solar spectrum, and has high stability, high oxidation power of valence 35 

band (VB) holes. Moreover, Bi2WO6 is recognized as one of the few n-type semiconductors 36 

resistant to photocorrosion in aqueous solutions. Therefore, Bi2WO6 has been synthesized in a 37 

variety of morphologies, such as microspheres [11,14], nanofibers [15,16], nanosheets [17-19], 38 

and nanoflowers [20,21]. However, pure Bi2WO6 still has some drawbacks. Its conduction band 39 

(CB) edge is relatively low, so it cannot provide sufficient potential to react with electron 40 

acceptors strongly, and then directly results in fast recombination and lower photocatalytic activity. 41 

Therefore, the development of modified Bi2WO6-based photocatalysts is very promising which 42 
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can work efficiently under a wide range of light irradiation. 43 

Many studies reveal that doping metallic or nonmetallic element into Bi2WO6 can improve its 44 

photocatalytic performance. The doping element like Mg, Ni, Ag, Fe, F, N, etc. [22-27] can 45 

modify the electronic structure and surface properties of Bi2WO6, thus extending its light 46 

absorbance. Then, the activity of photocatalyst will be improved. Compared with other metals, 47 

rare earth elements are more useful dopants to enhance the photocatalytic performance of Bi2WO6 48 

[28-36]. This can be attributed to its ability to form complexes with various Lewis bases (e.g., 49 

amines, alcohols, aldehydes, etc.) in the interaction of these functional groups with the f-orbital of 50 

the rare earth elements. Thus, incorporation of the rare earth elements can provide an approach to 51 

increase the concentration of organic pollutant at the semiconductor surface and therefore enhance 52 

the photocatalytic activity of the catalyst. 53 

However, the mentioned papers mostly used surfactant, acid or alkaline agent as additive 54 

during the preparation of the rare earth doped Bi2WO6 materials, so the application of the 55 

materials was limited to some extent. As we all know, there are few reports about the 56 

photocatalytic activity of Pr doped Bi2WO6. Besides, even if doping the same element into the 57 

same material, different results might be obtained by different preparation methods. So, another 58 

rare-earth element, Pr, was selected to modify Bi2WO6 as a dopant in this work. The Pr doped 59 

Bi2WO6 was prepared by one-step hydrothermal method without using any additive. The prepared 60 

powders were characterized by using X-ray diffraction (XRD), UV-Vis diffuse reflectance spectra 61 

(UV-Vis DRS), photoluminescence (PL) spectra, scanning electron microscopy (SEM), 62 

transmission electron microscopy (TEM), high-resolution transmission electron microscopy 63 

(HRTEM), N2 adsorption-desorption tests and X-ray photoelectron spectra (XPS). The 64 
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photocatalytic activities of the as-prepared samples were evaluated by using rhodamine B (RhB) 65 

as the target organic pollutant. Results showed that the Pr3+ doped Bi2WO6 exhibited the highest 66 

photocatalytic property, good stability and reusability. 67 

2. Experimental 68 

2.1. Preparation of photocatalysts 69 

The series of Pr3+ doped Bi2WO6 photocatalysts were prepared by hydrothermal method. In a 70 

typical procedure, 6 mmol of Bi(NO3)3·5H2O and a certain amount of Pr(NO3)3·6H2O (0, 0.03, 71 

0.06, 0.12 or 0.24 mmol) were dissolved in 60 mL of deionized water under stirring at room 72 

temperature. Then 3 mmol of Na2WO4·2H2O joined in the above solution to stir for 10 min. After 73 

that, the mixture was transferred into the high-pressure reaction kettle and maintained at 160 °C 74 

for 24 h. Afterwards the precipitate was repeatedly filtered and washed with deionized water for 75 

several times when the reaction kettle was naturally cooled to room temperature. Finally, the 76 

powder products were obtained after dried at 80 °C for 8 h, and labeled as Bi2WO6, 0.5% 77 

Pr-Bi2WO6, 1% Pr-Bi2WO6, 2% Pr-Bi2WO6 and 4% Pr-Bi2WO6, respectively. 78 

2.2. Characterization  79 

X-ray diffractometer (D8 Advance, Bruker) determined the crystalline phases of the samples 80 

in a wide angle range (2θ = 20 – 80°). UV-Vis-near-IR spectrophotometer (UV-3600 plus, 81 

Shimadzu) measured the diffuse reflectance spectra of the samples in the 250 – 800 nm range at 82 

room temperature using BaSO4 as a reference. Fluorescence spectrophotometer (F-7000, Hitachi) 83 

recorded the photoluminescence spectra. Field-emission scanning electron microscope (Sigma 500, 84 

ZEISS), transmission electron microscopy, and high-resolution transmission electron microscopy 85 

(JEM-2100F, JEOL) observed the typical morphologies and microstructures. X-ray photoelectron 86 
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spectrometer (EscaLab 250Xi, Thermo Fisher) collected the X-ray photoelectron spectra using an 87 

Al Kα source. Specific surface and porosity analyzer (ASAP 2020 Plus HD88, Micromeritics) 88 

measured the N2 adsorption-desorption isotherms at liquid nitrogen temperature. The pore size 89 

distribution was obtained from the N2-desorption branch by the Barrett-Joyner-Halenda (BJH) 90 

method. 91 

2.3. Photocatalytic reactions  92 

The photocatalytic performance of the samples was estimated by photocatalytic degradation 93 

of the RhB. A 300 W Xe lamp was used as the light source in the photoreaction system. Typically, 94 

0.1 g of the photocatalyst was dispersed in 100 mL of the RhB aqueous solution with an initial 95 

concentration of 10−5 mol·L−1 in a quartz reactor, which was exposed to air to ensure sufficient 96 

oxygen supply for the reaction. Before irradiation, the suspension was magnetically stirred in dark 97 

for 30 min to ensure the establishment of an adsorption/desorption equilibrium. Then, the 98 

suspension was exposed to irradiation under magnetic stirring. The temperature of the suspension 99 

was maintained at about 35 °C during the photodegradation reaction process. At 10 min interval, 100 

an aliquot of 3 mL of the suspension was taken and then centrifuged to remove the particles. The 101 

optical absorption spectra for the supernatant solution were recorded by a Shimadzu UV-3600 102 

plus UV-vis-near-IR spectrophotometer. The photodegradation efficiency η was calculated 103 

according to the formula (1) 104 

η = (c0 – c)/c         (1) 105 

where c is the concentration of the RhB pollutant after reaction at time t, and c0 is the initial 106 

concentration when adsorption/desorption equilibrium was achieved. 107 

The remainder of the RhB solution was centrifuged and washed thoroughly with deionized 108 
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water after the above photocatalytic degradation experiments to study the stability and reusability 109 

of the photocatalyst. Then, the photocatalyst was dried at 60 °C in air for 12 h and reused in the 110 

next cycle. 111 

The radical-trapping experiments were performed to investigate the mechanism of 112 

photocatalytic degradation. In order to determine the main active species in the photocatalytic 113 

reaction, various scavengers were added into the RhB solution. Ethylenediaminetetraacetic acid 114 

disodium salt (EDTA-2Na, mmol·L-1), p-Benzoquinone (p-BQ, 5 mmol·L-1) and isopropanol (IPA, 115 

mmol·L-1) were used as a scavenger for photogenerated hole (h+), superoxide radical (·O2−), 116 

hydroxyl radical (·OH), respectively. The next experimental processes were similar to the above 117 

photocatalytic test. 118 

3. Results and discussion 119 

3.1. Crystal structure 120 

Figure 1a depicted the crystal structure and phase purity investigated by XRD for the 121 

as-prepared samples. From the figure, it can be seen that the distinct diffraction peaks appearing at 122 

about 28.30°, 32.79°, 47.15°, 55.82°, 58.54°, 68.73°, 76.07°and 78.49° are indexed to an 123 

orthorhombic phase Bi2WO6 (PDF Card No. 79-2381) [17]. The XRD patterns for all the 124 

as-prepared samples are very similar, indicating that the Pr3+ doing do not change the crystal 125 

structure of Bi2WO6. There are no characteristic peaks related to impurity phases, confirming that 126 

the samples are pure. The sharp and intense diffraction peaks indicate the crystalline nature of the 127 

as-prepared samples. Furthermore, the peaks are progressively become weak and broad from 128 

Bi2WO6 to 4% Pr-Bi2WO6 with increasing Pr3+ doping amount, implying that Pr3+ successfully 129 

incorporated into B2WO6 and inhibit the grain growth of Bi2WO6 [22,34]. The average size of the 130 
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as-prepared samples was estimated based on the strongest peak at about 28.30° according to the 131 

Scherrer formula. The result shows that the average crystallite size is about 16.1, 12.3, 13.0, 11.4, 132 

and 11.4 nm for Bi2WO6, 0.5% Pr-Bi2WO6, 1% Pr-Bi2WO6, 2% Pr-Bi2WO6 and 4% Pr-Bi2WO6, 133 

respectively. It clearly shows that the crystallite size decreased significantly when Pr3+ doping into 134 

Bi2WO6. The reason for the decrease maybe that the defects will appear on the surface of the 135 

photocatalyst after Pr3+ doping, which can inhibit the growth of the crystal [36]. The small 136 

crystallite size means a short migration distance and a low recombination rate of the 137 

photogenerated electron-hole pairs, so the photocatalytic activity may become better. It was also 138 

noted that the diffraction peaks were slightly shifted to higher angles with the amount of Pr3+ 139 

doped increasing, as shown in Figure 1b. These results clearly indicated that Pr3+ was incorporated 140 

into the lattice of B2WO6, because the ionic radius of Pr3+ (0.99 Å) is smaller than the radius of 141 

Bi3+ (1.03 Å) [35]. 142 

3.2. UV-Vis diffused reflection spectra 143 

Figure 2a shows the UV-Vis diffused reflection spectra of the as-prepared samples. It can be 144 

observed from the figure that there is a strong absorption edge in the region below 450 nm for 145 

each sample. This indicates that the light absorption of the sample is caused by the transition of 146 

energy band structure, rather than the transition of impurity level [23]. At the same time, the 147 

absorption edge of the series of samples first moves slightly to the long wave edge, and then to the 148 

short wave edge. In addition, It can also be observed that Pr3+ doped Bi2WO6 samples have higher 149 

light absorption than undoped Bi2WO6 sample in the visible region of larger than 450 nm. These 150 

indicate that the doping of Pr3+ in Bi2WO6 can extend the light absorption region and improve the 151 

optical absorption efficiency of the samples. The enhanced light absorption may be ascribed to the 152 
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charge transfer between Bi2WO6 valence band or conduction band and Pr 3d orbit, as well as the 153 

lattice defects caused by Pr3+ doping. 154 

The band gap energy (Eg) of the above samples was estimated using Tauc formula: 155 

αhν = A(hν – Eg)n/2        (2) 156 

where α is the absorption coefficient, h is Planck's constant, ν is the photon's frequency, A is a 157 

proportional constant. The value of the exponent n denotes the nature of the sample transition. For 158 

direct allowed transition n = 1 and for indirect allowed transition n = 4 [25,37]. Bi2WO6 is an 159 

indirect allowed transition semiconductor, so the value of n is 4. By linear fitting of the curve, the 160 

intersection point of the fitted line and the horizontal axis is the band gap energy of the samples. 161 

According to the (αhν)0.5-hν curve (Figure 2b), the band gap energy values are 2.54 eV, 2.53 eV, 162 

2.48 eV, 2.49 eV and 2.51 eV for B2WO6, 0.5% Pr-B2WO6, 1% Pr-B2WO6, 2% Pr-B2WO6 and 4% 163 

Pr-B2WO6, respectively. It can be seen that, compared with B2WO6, the band gap energy of the 164 

Pr3+ doped B2WO6 samples becomes narrow. The changes of band gap energy may be attributed to 165 

the formation of an impurity level due to the incorporation of Pr. A narrower band gap means 166 

enhanced light absorbing properties, and it is helpful for electron excitation from the valence band 167 

to the conduction band. Hence, the 1% Pr-B2WO6 sample may have enhanced photocatalytic 168 

activity. However, the band gap energy became larger with excessive Pr3+ ion doping. The reason 169 

for the change in band gap energy may be the Pr 3d orbital will be hybridized with the conduction 170 

band bottom (W 5d orbital) of Bi2WO6 to form a hybrid energy level instead of forming a new 171 

doping level in the forbidden band of Bi2WO6 when the doping amount is excessive. This is a 172 

common phenomenon of metal-doped B2WO6 materials [24,36]. The variation trend of the band 173 

gap energy value is also consistent with the UV-Vis diffuse reflectance spectra of the samples 174 
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shown in Figure 2a. 175 

3.3. Photoluminescence spectra 176 

Since photoluminescence (PL) is mainly derived from the recombination of photogenerated 177 

carriers in semiconductors, the PL spectrum is often used to characterize the recombination rate of 178 

carriers. Generally, the higher the photoluminescence spectral intensity is, the higher the 179 

photogenerated electrons and holes recombination rate is. Figure 3 shows the photoluminescence 180 

spectra of undoped Bi2WO6 and 1% Pr-Bi2WO6. The recombination rate of photogenerated 181 

electrons and holes is the main factor affecting the photocatalytic activity. The smaller the 182 

intensity of photoluminescence spectrum means the smaller the recombination rate of the 183 

electron-hole pairs and the higher photocatalytic activity. Compared with the undoped Bi2WO6 184 

sample, the position of the photoluminescence characteristic peak for the doped sample is almost 185 

unchanged, but the intensity of the photoluminescence spectrum is weaker, which is consistent 186 

with its better photocatalytic performance. The result indicates that the doping of Pr3+ improves 187 

the separation efficiency of photogenerated electrons and holes, effectively reducing the 188 

recombination rate of the electron-hole pairs, and promoting its photocatalytic activity. 189 

3.4. X-ray photoelectron spectra 190 

The surface chemical composition and chemical valence of the related elements in Bi2WO6 191 

and 1% Pr-Bi2WO6 sample were analyzed by X-ray photoelectron spectroscopy (XPS). As can be 192 

seen from the survey spectra (Figure 4a), the samples mainly contain elements of Bi, W, O and C, 193 

of which C comes from the instrument and the environment. These elements of B, W and O are 194 

consistent with their chemical compositions. The high-resolution XPS spectra of Bi 4f, W 4f, O 1s 195 

and Pr 3d are shown in Figure 4b-e. In Figure 4b, the XPS signal peaks located at 159.1 eV and 196 
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164.4 eV correspond to 4f7/2 and 4f5/2 of Bi3+, respectively [38]. Figure 4c shows that the binding 197 

energies of W 4f7/2 and W 4f5/2 are respectively 35.4 eV and 37.5 eV, indicating that W element 198 

exists in the form of W6+ [39]. In figure 4d, the asymmetric signal peak of O 1s is divided into 199 

three peaks: 529.9 eV, 530.8 eV, and 532.1 eV, which are attributed to the lattice oxygen, hydroxyl 200 

groups, and physisorbed water, respectively [40]. From Figure 4e, it is found that the Pr 3d 201 

spectrum can be fully described by the two sets of spin-orbital multiplets, corresponding to the 202 

3d3/2 and 3d5/2 contributions and two peaks for each contribution. The peaks labeled m (954.3 eV) 203 

and s (947.6 eV) are assigned to 3d3/2 of Pr3+, and the peaks denoted as m’ (933.2 eV) and s’ 204 

(929.1 eV) correspond to 3d5/2 of Pr3+ [41]. Furthermore, the real molar ratio of Bi, W and O 205 

atoms from the XPS result was about 1.95 : 1 : 6.26, which was close to the theoretical value. 206 

However, the real percentage of the Pr3+ content doped into Bi2WO6 was about 0.7%, which was a 207 

little less than the theoretical amount of the dopant in the experiment (1%). 208 

3.5. Morphology 209 

The morphology of the undoped Bi2WO6 and 1% Pr-Bi2WO6 samples is shown in Figure 5. It 210 

can be clearly observed from the figure that the morphologies of the two samples are similar, 211 

which are assembled into 3D flower-like microspheres structure with a diameter of about 2-3 μm 212 

from a large number of 2D lamellar structure. The lamellar structure is further composed of many 213 

nanometer squares with a length of about 200 nm. The flower-like microspheres structure greatly 214 

increases the specific surface area of the samples, further increases the contact area between the 215 

samples and the pollutant, and promotes the reaction with the pollutant, thus shortening the 216 

degradation time and improving the degradation efficiency. At the same time, the lamellar 217 

structure is interwoven to form an open porous structure. These pores of different diameters may 218 



 

11 
 

change the physical and chemical properties of the samples and become transport channels for 219 

small molecules, which is conducive to the full reaction of photocatalyst and pollutant. After Pr3+ 220 

doping, the morphology of flower-like microspheres is less regular and becomes more loosely, 221 

leading to the improvement of specific surface area. Therefore, the morphology change of the 222 

doped Bi2WO6 sample is beneficial to improve its photocatalytic activity. 223 

Figure 6 shows the TEM and HRTEM images of 1% Pr-Bi2WO6 sample. It can be clearly 224 

observed that the sample demonstrates microspheres structure with diameter of about 2-3 μm 225 

(Figure 6a). The microspheres are constructed by many nanoscale squares, and the squares with 226 

edge length ranging from 100 to 200 nm stacked face-to-face (Figure 6b). The results are 227 

consistent with the SEM analysis. The HRTEM images (Figure 6c, d) reveal that its lattice fringe 228 

is 0.32 nm, which are corresponding to (131) crystallographic planes of Bi2WO6. As XPS results 229 

showed, the actual Pr3+ content is very low, so the correlative lattice fringes of Pr3+ oxide cannot 230 

be observed in HRTEM image. 231 

3.6. Physisorption Property 232 

The physisorption properties of the as-prepared samples were estimated using the N2 gas 233 

adsorption-desorption data. Figure 7 shows the N2 gas adsorption-desorption isotherms of the 234 

undoped Bi2WO6 and 1% Pr-Bi2WO6 samples (Figure 7a and 7b) and the pore size distribution 235 

curves (Figure 7c and 7d). It can be seen from the figure that both isotherms of the two samples 236 

are very similar, which belong to the type II curve according to the IUPAC classification, implying 237 

the possible existence of slit-like pores [42]. The shape of the hysteresis loops displays a H3 loop, 238 

suggesting the samples are loose accumulation with lamellar particles [43]. In figure 7c, the 239 

undoped Bi2WO6 sample exhibits a wide pore size distribution of 3.7-75 nm, confirming the 240 
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presence of mesopores and macropores. But in figure 7d, the 1% Pr-Bi2WO6 sample shows its 241 

maximum pore size distribution in the region of 3.8 nm and pore size distribution in the region of 242 

3-50 nm, indicating the existence of slit-like pores and mesopores. The specific surface areas of 243 

the undoped Bi2WO6 and 1% Pr-Bi2WO6 samples were 12.27 and 20.10 cm2·g-1. It can be seen 244 

that the specific surface area of the 1% Pr-Bi2WO6 sample is more than 60% higher than that of 245 

the undoped Bi2WO6 sample. This indicates that after Pr3+ doping, the crystal growth of Bi2WO6 246 

is inhibited, thus increasing the specific surface area, so the 1% Pr-Bi2WO6 sample may have 247 

better performance in photocatalysis. 248 

3.7. Photocatalytic properties 249 

The adsorption capability and the photocatalytic activity of the as-prepared samples were 250 

estimated by the adsorption and the degradation of RhB dye, respectively.  251 

The adsorption curves of RhB in the presence of the as-prepared samples are shown in Figure 252 

8. The curves exhibit that the adsorption of RhB is very fast in the initial 5 min, then gradually 253 

slowed down, and reached equilibrium within 30 min. The 1% Pr-Bi2WO6 sample exhibited the 254 

best adsorption capability among the studied samples. The phenomenon may indicate that the 1% 255 

Pr-Bi2WO6 sample have the largest surface area, because larger surface area means more active 256 

sites that are beneficial for the adsorptionof the RhB dye. 257 

The photocatalytic properties of Pr3+ doped Bi2WO6 samples were evaluated by the 258 

degradation efficiency of RhB. Figure 9 shows the UV-Vis spectra of RhB at different 259 

photocatalytic degradation times catalyzed by the 1% Sm-Bi2WO6 sample. The absorption peak at 260 

about 554 nm is the characteristic absorption peak of RhB, which corresponds to the large 261 

conjugate system composed of benzene ring, double bond and heterocycle in RhB molecule. The 262 
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characteristic peak decreases sharply after the light is turned on, indicating that RhB molecules 263 

were quickly decomposed [32,44]. After 20 min of illumination, the absorption peak almost 264 

coincides with the baseline, that is, RhB are well degraded, indicating that the aromatic ring 265 

structure of dye molecules is destroyed and deethylation is carried out simultaneously. The color 266 

of the RhB solution also changes from pink to pale yellow and then, the solution becomes 267 

colorless. This suggests the complete decolorization of the RhB solution 268 

Figure 10a shows the effect of Pr3+ doping on RhB degradation. As is shown in the figure, 269 

RhB has good stability under irradiation when there is no photocatalyst, indicating that the 270 

self-sensitized degradation of RhB does not occur. When the photocatalyst is added into the 271 

reaction solution, the undoped and Pr3+ doped Bi2WO6 all have good removal effect on RhB under 272 

the same condition, and the removal amount of RhB increases as the Pr3+ doping amount increases 273 

from 0.005% to 0.01%. But it decreases with the doping amount continued to increase. The 274 

photocatalytic degradation rate of RhB is only 74.2% after 20 min of illumination when the 275 

undoped Bi2WO6 sample is used as photocatalyst, and it can reach 99.4% when the photocatalyst 276 

is replaced by 1% Pr-Bi2WO6 sample. The RhB concentration and photodegradation time were 277 

linearly regressed using the first-order rate equation to obtain the reaction rate constant of the 278 

photocatalytic system under different conditions, and the results are shown in figure 10b. As is 279 

shown in figure 10b, the reaction rate constant of the 1% Pr-Bi2WO6 sample (0.25752 min−1) 280 

obviously becomes much larger, which is about 3.9 times of that of the undoped Bi2WO6 sample 281 

(0.06673 min−1). In contrast, the reaction rate constant of the 2% Pr-Bi2WO6 and 4% Pr-Bi2WO6 282 

samples downs to 0.05965 and 0.02823 min−1, respectively. Therefore, the results show that the 283 

appropriate doping amount can greatly improve the photodegradation activity of RhB, while an 284 
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excessive doping amount is unfavorable for photodegradation. Moreover, the photocatalytic 285 

performance of 1% Pr-Bi2WO6 sample prepared in this paper was compared with other rare earth 286 

doped Bi2WO6 samples based on previous reports (Table 1). It is observed that the photocatalyst 287 

prepared in this paper shows much higher degradation efficiency than those in references. 288 

Therefore, the 1% Pr-Bi2WO6 sample has rather excellent photocatalytic performance. 289 

The reason why the photocatalyst doped by rare earth element can improve its photocatalytic 290 

activity is pointed out by Li et al. [45], which may be mainly due to the quantum effect and 291 

specific structural characteristics (such as the improvement of specific surface area and the 292 

reduction in crystallite size), while El-Bahy et al. [46] considered that the photocatalytic materials 293 

have stronger adsorption capacity and light absorption capacity after doping rare earth elements. 294 

According to the previous characterization, a certain amount of Pr replaces Bi in Bi2WO6, more 295 

photogenerated carriers are produced due to the decreased band gap energy, and the recombination 296 

rate of photogenerated electrons and holes is reduced because of the forming of lattice defects. In 297 

addition, after Pr3+ doping, the contact area between photocatalyst and pollutant increases with the 298 

specific surface area of the sample increases, the migration distance of photogenerated carriers 299 

decreases with the crystallite size of the sample decreases. Therefore, the photocatalytic 300 

performance of the sample was improved by speeding up the migration rate of photogenerated 301 

carriers and reducing the recombination rate of photogenerated electrons and holes. When the 302 

doping amount is 1%, the sample has the best photocatalytic activity due to its optimal specific 303 

surface area and electron-hole recombination rate. However, when excess amount of Pr3+ doped 304 

into Bi2WO6, the dopant may cover the active sites on the surface of Bi2WO6, thus, the 305 

photogenerated electrons and holes cannot be transferred effectively, leading to the reduction in 306 
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photocatalytic activity. 307 

Figure 11 shows the photocatalytic degradation of RhB over 1% Pr-Bi2WO6 during four 308 

catalytic cycles. It can be seen that the photocatalyst still retains strong photocatalytic activity 309 

after repeated use for 4 times. The photodegradation efficiency was still about 95% at the fourth 310 

cycle. This implies that the as-prepared photocatalyst is a good photocatalyst with high activity, 311 

stability, and reusability. However, the effect was not as good as that of the first application, which 312 

may be because some products were still adsorbed on the surface of the photocatalyst after the 313 

first cycle, which affected the subsequent experiments. In addition, due to incomplete transfer, part 314 

of the photocatalyst was lost in the process of reuse. 315 

In order to study the photocatalytic mechanism of RhB photodegradation, various scavengers 316 

were added during the photocatalytic process to explore the main active species in the 317 

photodegradation reaction, the results are shown in Figure 12. In this study, EDTA-2Na, p-BQ and 318 

IPA were added as scavenger for h+, ·O2− and ·OH, respectively. As can be seen from the figure, 319 

the photodegradation efficiency of RhB is 99.4% when no scavenger is added. Under the same 320 

conditions, the efficiency is reduced to 96.9%, 93.5% and 2.2% after p-BQ, IPA and EDTA-2Na 321 

were added, respectively. This indicates that h+ is the main active species in the photocatalytic 322 

system, while·O2− and ·OH have little effect on photodegradation of RhB. 323 

Based on the UV-Vis diffused reflection spectra results, the conduction band edge (CB) and 324 

valance band edge (VB) positions of of the as-prepared samples are estimated by mulliken 325 

electronegativity model [37,47]:  326 

ECB = X – Ee – 0.5Eg         (3) 327 

EVB = ECB + Eg           (4) 328 
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where X is the electronegativity of semiconductor and Ee is the energy of free electrons on the 329 

hydrogen scale (about 4.5 eV). The X value for Bi2WO6 is 6.38 eV [37]. According to above 330 

equations, the VB of Bi2WO6 and 1% Pr- Bi2WO6 was estimated to be 3.12 eV and 3.09 eV, 331 

respectively. As a result, the CB positions were also determined to be 0.58 eV and 0.61 eV, 332 

respectively. Figure 13 displays the diagram of the energy band levels of 1% Pr-Bi2WO6 and the 333 

proposed possible process for the photodegradation of RhB. Due to the intrinsic physical and 334 

chemical properties of Bi2WO6, the photogenerated electrons (e−) in CB can be easily excited 335 

under light irradiation, and the holes (h+) existed in VB. The band gap decreased after doped with 336 

Pr3+ ions, which favored the electron transition from VB to CB (Eq. 5). A majority of h+ in VB of 337 

1% Pr-Bi2WO6 can be mostly used for the direct oxidation of RhB (Eq. 6), and the other part of h+ 338 

can be captured by H2O to form ·OH (Eq. 7), because the potential of the holes at the VB of 1% 339 

Pr-Bi2WO6 (3.09 eV) is more positive than the redox potential of ·OH/H2O (2.68 eV). The 340 

resulting ·OH can also decompose a small amount of RhB (Eq. 8). The e− in CB of 1% Pr-Bi2WO6 341 

cannot directly reduce O2 to ·O2
−, because the CB of 1% Pr-Bi2WO6 (0.61 eV) is not negative 342 

enough compared to the reduction potential of O2/·O2
− (0.13 eV). The probable reactions can be 343 

summarized by the following equations:  344 

1% Pr-Bi2WO6 + hν → 1% Pr-Bi2WO6 (h+ + e−)         (5) 345 

h+ + RhB → degraded products            (6) 346 

h+ + H2O → ·OH               (7) 347 

·OH + RhB → degraded products            (8) 348 

4. Conclusions 349 

A series of flower-like Pr3+ doped Bi2WO6 microspheres were prepared by one-step 350 
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hydrothermal method. After Pr3+ doping, the photocatalytic performance of Bi2WO6 was 351 

significantly improved. When the doping amount of Pr3+ is 1%, the photocatalytic degradation 352 

performance of the sample was the best. After 20 min of irradiation, the degradation efficiency of 353 

RhB reaches 99.4%, which is increased by 25% compared with that of Bi2WO6 without doping. 354 

Doped Pr3+ can improve the specific surface area and reduce the recombination rate of 355 

photogenerated electrons and holes of the sample, thus improving the photocatalytic performance 356 

of the sample. 357 
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Figures Caption 519 

Table 1 Comparison of photocatalytic performance of Pr-Bi2WO6 with previous reports. 520 

Figure 1a X-ray diffraction patterns of the as-prepared samples. 521 

Figure 1b X-ray diffraction patterns of the as-prepared samples (partial amplification drawings). 522 

Figure 2a UV-Vis diffused reflection spectra of the as-prepared samples. 523 

Figure 2b Band gap energy evaluation of the as-prepared samples. 524 

Figure 3 PL spectra of the undoped Bi2WO6 and 1% Pr-Bi2WO6 samples. 525 

Figure 4 XPS spectra of the undoped Bi2WO6 and 1% Pr-Bi2WO6 samples: (a) the survey spectra; 526 

(b) Bi 4f spectra; (c) W 4f spectra; (d) O 1s spectra; (e) Pr 3d spectrum. 527 

Figure 5 SEM images of the undoped Bi2WO6 and 1% Pr-Bi2WO6 samples: (a and b), Bi2WO6; (c 528 

and d), 1% Pr-Bi2WO6. 529 

Figure 6 (a and b) TEM and (c and d) HRTEM images of the 1% Pr-Bi2WO6 sample. 530 

Figure 7 N2 gas adsorption-desorption isotherms (a and b) and the pore size distribution curves (c 531 

and d) of the undoped Bi2WO6 and 1% Pr-Bi2WO6 samples. 532 

Figure 8 Adsorption of RhB in the presence of the as-prepared samples. 533 

Figure 9 Temporal evolution of the UV-Vis spectra for RhB catalyzed by 1% Pr-Bi2WO6 sample. 534 

Figure 10a Degradation rates of RhB using Bi2WO6 catalysts doped with different amount of Pr. 535 

Figure 10b Plots of ln(c0/c) versus reaction time of the as-prepared samples. 536 

Figure 11 Recycling degradation curves of 1% Pr-Bi2WO6 sample for RhB. 537 

Figure 12 Effect of different scavengers on the degradation efficiency of RhB. 538 

Figure 13 Schematic diagram of the energy band levels of the 1% Pr-Bi2WO6 sample and the 539 

proposed possible process for the photodegradation of RhB. 540 

541 
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Table 1. 542 

Dopant Preparation method Dye concentration Degradation (%) 
Time 

(min) 
Ref. 

La hydrothermal RhB (4 mg/L) / 100 mL 98 25 [26] 

Eu hydrothermal RhB (10 mg/L) / 100 mL 90.2 60 [27] 

Gd microwave assisted RhB 100 120 [28] 

Lu 
coprecipitation - 

thermal treatment 
RhB (10-5 mol/L) / 200 mL 99.1 60 [29] 

Sm hydrothermal RhB (20 mg/L) / 80 mL 100 40 [30] 

Pr hydrothermal RhB (10-5 mol/L) / 100 mL 99.4 20 
This 

work 
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Fig. 1a. 545 
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Fig 1b. 548 
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Fig. 2a. 551 
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Fig. 2b. 554 
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Fig. 3. 557 
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Fig. 4a. 560 
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Fig. 4b. 563 
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Fig. 4c. 566 
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Fig. 4d. 569 
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Fig. 4e. 572 
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Fig. 7. 581 
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Fig. 9. 587 
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Fig. 10a. 590 
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Fig. 10b. 593 
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Fig. 11. 596 
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Fig. 12. 599 
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Fig. 13. 602 
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