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Preparation and photocatalytic performance of Sn-doped and BiOI-coupled
dual modified Bi;WOg¢ composite
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Sn doped and BiOI coupled dual modified Bi,WOg photocatalytic material was prepared
using hydrothermal route. The phase composition, morphology, surface area, elemental
composition and oxidation state, as well as optical properties, were comprehensively
characterized. Take the methylene blue (MB) as the model pollutant for photodegradation
to estimate the photocatalytic property of the synthesized material. The prepared Bi, WOs-
based composite material shows a flower-like structure assembled from nanosheets, with a
surface area of 45.3 m’/g and a bandgap width of 2.41 eV, enabling visible light
responsiveness. The synergistic effect of Sn doping and BiOI coupling modification
enhances the photocatalytic performance. The Sn-BiOI/Bi,WOg photocatalytic composite
material shows excellent photocatalytic activity, with complete degradation of MB after 40
minutes of illumination, and a first-order reaction rate constant (k) of 0.102 min .
Experimental evidence suggests that photoinduced holes are the main active species.
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1. Introduction

Utilizing photocatalysts to degrade pollutants under light irradiation is an effective method
for treating water pollution [1-3]. In recent years, there has been widespread attention on
photocatalytic materials that respond to visible light to increase solar light utilization. Bi,WQOg, due
to its unique layered structure, appropriate bandgap width, and relatively large specific surface
area, has become a focal point in the research of photocatalytic materials [4-6]. The pure Bi,WOjs
exhibits easy reunion of photoinduced charge, and its quantum efficiency needs improvement [7,
8]. Therefore, a series of modifications are required to enhance quantum utilization and improve
photocatalytic performance. Common modification strategies include ion doping and
semiconductor coupling [9-15]. Zhang et al [10]. modified Bi,WOy through I" doping and found
that the modified material exhibited reduced charge transfer resistance, increased separation of
photoinduced electrons and holes, and a significantly enhanced removal rate of Hg ions. Cheng et
al [12]. prepared Bi,WO4/ZnO composite materials, forming a type Il semiconductor structure. At
the interface, photoinduced electrons moved from the Bi,WO¢ conduction band (CB) to the ZnO
CB, while holes migrated from the ZnO valence band (VB) to the Bi,WO4 VB, which increased
the charge separation efficiency, demonstrating higher photocatalytic activity compared to pure
Bi,WOg.

In the previous work, modifications were separately applied to pure Bi, WO through Sn
doping and BiOI coupling, and the results indicated that both methods could enhance
photocatalytic activity [16-18]. Combining different modification methods allows the exploitation
of the respective advantages of each method, creating a synergistic effect to further improve
photocatalytic performance on the basis of a single modification method. Therefore, in this work,
hydrothermal route was employed to synthesis a dual modified Bi,WO¢ photocatalyst with Sn
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doping and BiOI coupling (Sn-BiOl/Bi;WOy). The microstructure of the catalyst was extensively
investigated through techniques like scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), surface area analysis (BET), X-ray
diffraction (XRD), ultraviolet-visible absorption spectrum (DRS), and photoluminescence
spectrum (PL). Taking MB as the target pollutant for photodegradation to estimate the
photocatalytic property, and the active species during the photodegradation process were analyzed
simultaneously.

2. Experimental

2.1. Synthesis of photocatalytic material

Bi(NO;);-5H,0 and CH3COOH were put in 20 mL purified water, and a certain amount of
sodium iodide and stannous chloride were added to form solution A, with a Sn/Bi atomic ratio of 2%
and an I/W atomic ratio of 40%. Na,WO,-2H,0 was mixed with 12 mL purified water to form
solution B, with a mass ratio of Bi(NO;);-5H,0 to Na,WO,-2H,0 of 2.94:1. Put Solution B in
solution A with continuous agitating for 30 min until flocculent forms. The obtained suspension
was shifted to a container and subjected to a hydrothermal treatment at 160 °C for 24 hours. The
product was cleaned by purified water and anhydrous ethanol till neutral, dried, and then ground to
obtain Sn-BiOI/Bi,WO¢ powder.

2.2. Characterization technology

XRD was employed to analyze the phase composition, SEM, TEM, and BET were
adopted to study the morphology and specific surface area, EDS and XPS were employed to
clarify the element composition and chemical state, and DRS and PL spectroscopy were used to
study its optical properties.

2.3. Photocatalytic experiment

25 mg Sn-BiOI/Bi,WO4 powder was mixed to 100 mL MB aqueous solution (10 mg/L)
and agitated. After dark adsorption for 30 minutes, the xenon lamp light source (250 W, 300-800
nm) was turned on for the reaction. The mixture was taken every 10 minutes, and the upper clear
solution was separated after centrifugation. The absorbance (664 nm) was measured, and the
degradation degree was determined by the formula (A¢—A,)/A,, where Ay and A, are the primary
absorbance of MB and the absorbance at time t, respectively.

Add isopropanol (IPA) to capture -OH, benzoquinone (BQ) to seize ‘O, , and ammonium
oxalate (AO) to seize photogenerated holes (h"). Compare with blank experiments and analyze the
active groups in the photocatalytic process [19, 20]. Specifically, 2 mL (2 mmol/L) IPA, BQ and
AO solutions were put into the photocatalytic reaction system during the experiment, and the
degradation degrees after adding scavengers were calculated by comparing with the blank
experiment result.

3. Results and discussion

3.1. Phase composition

Figure 1 gives the XRD pattern of Sn-BiOl/Bi,WOQOg. The diffraction peaks around 28.3°,
32.9° and 47.2°ascribe to the Bi,WOg (131), (200) and (202) planes, Additionally, diffraction peaks
at 29.6°, 31.7° and 39.4° correspond to the BiOI (102), (110) and (004) planes, indicating the
formation of BiOI/Bi;WO, composite material. No diffraction peaks related to Sn were detected,
possibly as the ionic radius of Sn*" (0.069 nm) is smaller than Bi** (0.103 nm), allowing Sn*" to
enter the Bi,WOg lattice without reacting to form new phases [21].
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Fig. 1. XRD pattern of Sn-BiOIl/Bi,WOy.

3.2. Morphology and specific surface area analysis

Figure 2 displays the SEM images of Sn-BiOI/Bi,WOy. The prepared Sn-BiOI/Bi,WOgq
shows a flower-like structure assembled from nanosheets. This structure is beneficial for rising the
surface area, affording more reaction sites and enhancing the adsorption of pollutant molecules
[22].
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Fig. 2. SEM images of Sn-BiOIl/Bi;WOy.

Figure 3 shows the EDS mappings of Sn-BiOI/Bi, WO, revealing the presence of five
elements: Bi, W, O, I, and Sn, distributed uniformly throughout the sample.

Figure 4 presents the TEM (a, b, ¢) and HRTEM (d) images of Sn-BiOl/Bi,WO,
indicating that the three-dimensional flower assembled from two-dimensional nanosheets has a
diameter of approximately 1 pm. The labeled crystal plane distances of 0.318 nm and 0.302 nm
(Figure 4d) correspond to the Bi,WOq (131) and the BiOI (102) planes [10, 12], evidencing the
formation of BiOI/Bi,WOg4 composite material, in accordance with the XRD results.

Figure 5 (a) is the pore size distribution curve. The pore sizes are distributed mainly
between 2 nm and 10 nm. Figure 5 (b) is N, adsorption-desorption isotherm of Sn-BiOI/Bi,WOs,
and the surface area is determined to be 45.3 m®/g. Previous research showed that the specific
surface areas of pure Bi,WOg, Sn-doped Bi,WO; and BiOI/Bi,WO¢ were 20.8 mz/g, 41.8 mz/g and
27.9 m’/g [16-18]. This indicates that both Sn doping and BiOI coupling contribute to the
increased surface area, and the combination of these two modifications further enhances the
specific surface area.
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Fig. 4. TEM and HRTEM images of Sn-BiOIl/Bi,WO.
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Fig. 5. Pore size distribution curve (a) and N, adsorption-desorption isotherm (b) of

3.3. Elemental chemical state analysis
Figure 6 gives the XPS spectra of Sn-BiOI/Bi,WOg. In figure 6 (a), the overall spectrum

reveals peaks corresponding to the signals of the five elements Bi, W, O, Sn, and I, which is in
accordance with the EDS mappings.
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Fig. 6. XPS spectrum of Sn-BiOI/Bi,WOy: (a) total spectrum, (b)Bi 4f; (c) W 4f; (d) O Is;
(e) Sn 3d and (f) 1 3d.



554

Figure 6 (b) displays the spectrum of Bi 4f, showing two peaks situated at 159.2 eV and
164.4 eV, ascribing to Bi 4f;, and Bi 4f;,,, indicating that the Bi element is +3 state [13, 23]. In
Figure 6 (c), the peaks around 37.5 eV and 35.6 eV correspond to W 4fs, and W 4f;,, confirming
that W is +6 state [13, 23]. The O 1s peak can be decomposed into lattice oxygen, surface
hydroxyl groups and absorbed oxygen, situated at 529.5 eV, 530.0 eV and 530.8 eV [15, 20]. The
peaks around 486.8 eV (Sn 3ds),) and 495.2 eV (Sn 3ds,) implies the presence of Sn*" [23]. I 3d
peaks are located at 630.4 eV (I 3d;,) and 618.9 eV (I 3dsp), suggesting that the chemical
oxidation state of I is —1 [24].

3.4. Optical property analysis

Figure 7 displays the ultraviolet-visible absorption spectrum of Sn-BiOl/Bi,WOg, showing
an absorption edge located around 500 nm. The bandgap width (Eg) was determined by the
formula ohv = A(hv — Eg)*(1/n), n is related to the semiconductor type (n = 1/2 for direct
semiconductor and n = 2 for indirect semiconductor). The calculated bandgap width of Sn-
BiOI/Bi, WOy is determined to be 2.41 eV, indicating visible light responsiveness.
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Fig. 7. Ultraviolet-visible absorption spectrum (a) and band gap (b) of Sn-BiOIl/Bi,WO.

Figure 8 presents the photoluminescence spectrum (PL) of Sn-BiOI/Bi,WOg, and
compares with the PL spectrum of pure Bi,WOq [16], its intensity is significantly reduced. This
decrease in intensity suggests a significant reduction in the recombination degree of
photogenerated charges in the composite material, leading to an improvement in quantum
efficiency.
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Fig. 8. PL spectra of pure Bi,;WO4 and Sn-BiOI/Bi,WOy.
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3.5. Photocatalytic activity and photocatalytic mechanism

Previous researches results indicated that both Sn doping and BiOI coupling modification
could enhance the photocatalytic activity of Bi,WOg. The k for pure Bi,WOg, Sn-doped Bi, WO,
and BiOI/Bi,WOg were 0.015 min ', 0.030 min ', and 0.089 m’ [16-18]. Figure 9 shows the MB
photodegradation curve (a) and the kinetics fitting curve (b) of Sn-BiOI/Bi,WQq. The results
indicate complete degradation of MB after 40 minutes of illumination, with k of 0.102 min™". This
suggests that the photocatalytic performance of the dual modified Bi,WOg not only surpasses that
of pure Bi,WOq but also outperforms the photocatalytic performance of samples modified with a
single method. Figure 10 presents the experimental results of active species. AO adding
significantly reduces the discoloration degree, revealing that h” are the main active species.
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Fig. 9. Photocatalytic degradation curve of MB (a) and kinetics fitting curve(b) of Sn-BiOI/Bi, WO,
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Fig. 10. Active species capture experiment of Sn-BiOIl/Bi,WOy

The photodegradation results demonstrate that the synergistic effect of Sn doping and
BiOI coupling modification enhances the photocatalytic performance of Bi,WOgs. The
photoinduced charge transfer mechanism in Sn-BiOI/Bi,WOyg is proposed in Figure 11. On one
hand, after Sn doping, Sn** may enter the interior of Bi, WO lattice, causing lattice defects that
can capture photogenerated charges and improve charge separation efficiency [25]. On the other
hand, the coupling of BiOI with Bi,WOg4 forms a semiconductor junction. Due to the close
alignment of the Bi,WO4s CB and the BiOI VB, electrons from the Bi,WO¢ CB can directly
transfer to the BiOl VB, leading to a Z-scheme mechanism. This preserves the more oxidative
Bi,WOg valence band holes and the more reductive BiOI conduction band electrons, favoring the
generation of more hydroxyl radicals and superoxide radicals, ultimately improving the
degradation efficiency [18, 26]. The composite modification can simultaneously leverage the
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advantages of Sn doping and BiOI coupling modification, further enhancing photocatalytic activity.
The BET results also indicate that the maximum specific surface area is achieved after dual
modification, contributing to the enhanced activity. Table 1 summarizes the performance of
photocatalysts reported in literatures, showing that the Sn-BiOl/Bi, WOy photocatalyst prepared in
the present work exhibits relatively high photocatalytic activity.
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Fig. 11. Schematic diagram of charge transfer for Sn-BiOl/Bi,WOj.

Table 1. Literature data on degradation of MB.

Sample Dosage Light Source Degradation First-order Reference
gL degree reaction rate
k (min")

Bi,WO¢/BiOCl 0.5 300 W Xenon lamp 88% (75 min) 0.006 [27]
Bi;WO¢/ZnO 0.5 500 W Xenon lamp 98% (120 min) 0.0365 [12]
SnS/Zn,SnO, 1 300 W Xenon lamp 95% (60 min) 0.0331 [28]

Bi;WO4/Nb,CTx 0.5 500 W Xenon lam 93% (90 min) 0.0285 [29]
Zn0/ZnFe,04/TiO, 1 300 W Xenon lamp 96% (105 min) 0.0167 [30]
Bi,WO¢/WS, 0.075 ~850 W/m’ natural 99% (40 min) 0.0482 [31]
solar light
TiOy/g-C3Ny 0.2 300 W Xenon lamp 100% (50 min) 0.097 [32]
Sn-BiOI/Bi,WOg 0.25 250 W Xenon lamp 100% (40 min) 0.102 This work

4. Conclusions

The combination of Sn doping and BiOI coupling was used for dual modification of
Bi,WOs, and the Sn-BiOI/Bi, WOy photocatalytic material was synthesized by hydrothermal route.
Characterization results revealed a flower-like structure assembled from nanosheets, with a
bandgap width of 2.41 eV, achieving visible light responsiveness. The synergistic effect of Sn
doping and BiOI coupling modifications resulted in the increased surface area and enhanced
charge separation, leading to superior photodegradation performance compared to single
modification. The Sn-BiOI/Bi,WOy exhibited relatively high photocatalytic activity, providing
valuable insights for the development of novel photocatalysts.
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