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Novel ternary AgCl/Bi2WOs/TiO2 composites for enhanced photocatalytic activity
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TiO; microspheres and BixWOs microflowers were fabricated by hydrothermal method and
then in-situ deposited with AgCl particles to form a ternary AgCl/Bi,WO4/TiO, (ABT)
heterojunction. Compared with pure AgCl, BioWOg, and TiO,, with the mass ratio 4:1:4,
ternary heterojunction exhibited the highest photocatalytic performance, achieving 99.4%
removal efficiency of Rhodamine B (RhB) in 30 min. The improved degradation efficiency
was ascribed to the formation of heterojunctions, which reduced the combination of
photogenerated carriers and accelerated their separation and transfer.
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1. Introduction

At present, the textile industry is developing rapidly, dyeing wastewater could cause harm
to the environment and human health. Photocatalytic degradation technology can decompose dyes
by sunlight, and has broad application prospect in dyeing wastewater treatment [1,2]. Bismuth
tungstate (Bi2WOs), a n-type catalyst with appropriate bandgap structure, has received extensive
attention [3]. However, the existent insufficiency of Bi;WOs such as poor visible light absorption,
small surface area, and fast recombination of carriers [4] restricted its application. For enhancing its
photocatalytic activity, a large number of methods have been used to decorate Bi,WOs, including
doping and coupling [5]. TiO; is a popular photocatalyst owing to its stabilization, non-toxicity and
low cost [6]. Therefore, the combination of TiO, and BiuWOs to synthesize heterojunction is an
effective way to degrade organic pollutants [7].

So far, Ag/AgCl photocatalyst is used to degrade wastewater [8] and loading Ag/AgCl on
other catalysts is a simple method to achieve higher degradation of organic wastewater, such as
Ag/AgCl/TiO; [9] and Ag/AgCI/BiOIOs [10]. In our previous research work, BixWOe/TiO, and
AgCl/Bi;WOs heterojunction have been prepared and demonstrated superior photocatalytic
performance[11,12]. Hence, it is expected that decorating Bi:WOe/TiO, composites with AgCl
might boost the photocatalytic degradation efficiency.

In this work, AgCl/Bi;WOe/TiO> ternary heterojunction was designed and synthesized by
hydrothermal and in-situ deposition method. Compared with pure AgCl, Bi,WOs and TiO,,
AgCl/BiaWOe/TiO, composites showed higher photocatalytic performance. The results revealed that
the separation and transfer of carriers was accelerated by ternary heterojunction structure.

2. Experimental

2.1. Synthesis of AgCl/Bi:-WO/TiO2 composites

Bi;WOs microflowers were synthesized via hydrothermal method. 0.66 g of Na;WO4-2H,0
and 1.94 g of Bi(NO;);'5H>O were added in 30 and 40 mL deionized water, named A and B,
respectively. Subsequently, solution A and solution B were mixed, and moved to a Teflon-lined
autoclave (100 mL), heating at 180°C for 24 h.

* Corresponding author: sunyan@cdu.edu.cn
https://doi.org/10.15251/DINB.2024.194.1807



https://chalcogen.ro/index.php/journals/digest-journal-of-nanomaterials-and-biostructures
https://chalcogen.ro/index.php/journals/digest-journal-of-nanomaterials-and-biostructures?view=article&id=634amp;catid=8
https://doi.org/10.15251/DJNB.2024.194.1807

1808

Self-assembly TiO» microspheres were prepared by hydrothermal method. 10 mL of butyl
titanate was slowly dripped into the mixture solution, including 10 mL HCI and 10 mL deionized
water. Subsequently, the solution was put in a Teflon-lined autoclave (50 mL), heating at 180°C for
12 h.

AgCl/BiaWOe/TiO, composite were prepared by in-situ deposition method. BixWOs and
TiO, powders with mass ratio of 1:4 were mixed in 40 mL ethanol with stirring. After drying,
Bi,WO4/TiO; was dispersed in 0.05 mol/L AgNOs solution with stirring, followed by the addition of
0.05 mol/L KClI solution. After drying, the precipitate with a mass ratio of AgCl: BiuWOe:TiO,=4:1:4
was obtained and denoted as ABT.

2.2. Characterization

DX-2700B X-ray diffractometer (XRD) was utilized to characterize crystal structure. The
microstructure of products was observed via a Sigma 300 scanning electron microscope (SEM).
Valence band (VB) and elemental states of the catalysts were accomplished by a Thermo Scientific
K-Alpha spectrometer with AlKa radiation. UV-vis DRS were recorded utilizing a TU-190
spectrophotometer. Photoluminescence (PL) spectra were analyzed by a FLS1000
spectrophotometer. BET measurements were carried out on a V-Sorb 2800P analyzer. Electron spin
resonance (ESR) analysis to detect superoxide anion and hydroxyl radicals was performed using a
Bruker ELEXSYS II E 500 apparatus.

2.3. Photocatalytic test

Photocatalytic degradation of RhB under 500 W Xe lamp irradiation. 100 mg of catalyst
was placed in 100 mL RhB solution (10 mg/L) and stirred for 0.5 h without light. During the
photocatalytic reaction, the suspension was sampled every 5 minutes and remove the powder and
detected by a UV-vis spectrometer. Besides, 1 mM of ethylenediamine tetraacetic acid (EDTA), 1
mM of benzoquinone (BQ) and 10 mM of tertiary butanol (TBA) were added as radical scavengers
in the capture experiments.

3. Results and discussion

Fig. 1 displays XRD patterns of BixWOs, TiO2, AgCl, and ABT catalysts. The peaks of TiO»
located at 20 =27.5°, 36.1°, 41.2°, 54.3°nd 56.6° belong to (110), (101), (111), (211) and (220)
crystal planes and match well with rutile phase TiO,. All peaks of prepared Bi,WOs sample
completely accord with the quadrature-phase of BioWOs [13]. The peaks at 26 =27.8°, 32.2°, 46.2°,
54.8°,57.4° and 67.4° are indexed to (111), (200), (220), (311), (222) and (400) planes of AgCl1 [14].
Obviously, all peaks of AgCl, Bi,WOg and TiO; are found in the XRD pattern of ABT, meaning the
ternary composites were successfully synthesized. Additionally, the weak peaks of Bi.WOs are
attributed to the low proportion of BizWOQs in the composites.
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Fig. 1 XRD patterns of BixWQOs, TiO,, AgCl, and ABT catalysts

Fig. 2 SEM images: (a) Bi:WOs, (b) AgCl, (c) TiO; and (d) ABT.

The surface morphology of TiO, Bi,WOs, AgCl and ABT were analyzed by SEM. In Fig.
2a, Bi;WOs demonstrates a flower-like microsphere structure with diameter of about 3-4 um. It
could be observed in Fig. 2b that pure AgCl is irregular particles with smooth surface. In Fig. 2c,
TiO, exhibits a three-dimensional sphere structure composed of nanorods, and the diameter is about
5-6 um. In the ternary composites (Fig. 2d), AgCl particles are attached to the surface of BiaWOs
microflowers and TiO. microspheres, implying the successful preparation of ABT heterostructure.
In addition, the specific surface areas of TiO2, BixWQOs, AgCl, and ABT are 27.6 m*/g, 15.9 m*/g and

4.6 m?/g and 13.1 m?/g, respectively.
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Fig. 3 XPS patterns of ABT sample: (a) full spectrum, (b) Ag 3d, (c) CI 2p, (d) Ti 2p,
(e) Bi 4f, (f) W 4fand (g) O Is.
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Fig. 3a displays the full spectrum of ABT catalyst. In Fig. 3b, the peaks at 367.2 and 373.2
eV in ABT belong to Ags» and Ags, of Ag* [15]. In Fig. 3¢, two peaks appeared at 199.1 and 197.5
eV correspond to Cl 2pi2 and Cl 2p3,, [16]. The peaks located at 459.0 and 464.8 eV (Fig.3d) could
be indexed to Ti 2p 3 and Ti 2p 1> of Ti* [17]. As seen in Fig. 3e, the two peaks of Bi 4f located at
159.1 and 164.4 eV match well with Bi 4f 7 and Bi 4f 5 of Bi** [18]. The peaks of W 4f in Fig.3f
at 37.6 and 35.6 ¢V are assigned to W 4f 7, and W 4f 5, [19], confirming the existence of W ¢*. For
O 1s (Fig. 3g), two peaks at 530.2 eV and 531.5 eV are attributed to Ti—-O and W—O [20], respectively.
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Fig. 4 (a) UV-vis DRS spectra of samples, (b) the bandgap of AgCl, BixWOs and TiO>.

Fig. 4a shows the optical properties of different catalysts. Compared with Bi,WOs and TiO»,
the visible light absorption of ABT photocatalyst is enhanced after the deposition of AgCl. This
enhanced light absorption could generate more electron-hole pairs in the degradation reaction. The
bandgap could be achieved utilizing the formula ahv =A (hv-Eg) ¥?[22], and the Eg value of AgCl,
BiWOs and TiO» is 2.86, 3.19 and 2.89 eV (Fig. 4b), respectively.
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Fig. 5. PL spectra.

The PL spectra of pure BizWOs, TiO, and ABT composites are shown in Fig. 5. Generally,
under the same experimental conditions, stronger PL peak intensity implies higher recombination
rate of carriers. Compared with Bi;WOs and TiO,, the emission intensity of the ABT ternary
heterojunction is the lowest, indicating that the heterojunction could reduce the combination of
photogenerated carriers and accelerate their separation and transfer, finally enhancing the
photocatalytic activity.
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Fig. 6. (a) Photocatalytic degradation of RhB, (b) first-order kinetic curves.

Fig. 6a shows the photocatalytic properties of different samples. After 30 min, the
degradation rate of RhB over pristine TiO,, Bi,WOs, and AgCl is 38.6%, 55.2% and 80.1%,
respectively. Owing to the construction of ternary heterojunction between AgCl, Bi.WOg and TiO»,
the removal efficiency of RhB significantly increases to 99.4% within 30 min. The above results
indicate that ternary heterojunction could accelerate the transfer of charge carriers, leading to the
increase of degradation efficiency of RhB. The kinetic curves are given in Fig. 6b. The reaction
constant of ABT is 0.1537 min ™!, which is higher than that of Bi,WOg (0.0098 min'), TiO, (0.0065

min ") and AgCl (0.0301 min ™).
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Fig. 7. Trapping experiments of ABT.

It could be found in Fig. 7 that after adding EDTA and BQ to degradation system, RhB
removal efficiency declines significantly from 99.4 % to 25.4 % and 49.6 %, respectively. After the
addition of TBA, only a little decrease can be observed and the removal efficiency is 88.5%. The
results reveal that h* and -O~ play principal roles during the RhB degradation reaction.
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Fig. 8. ESR spectra of (a) *OH and (b) *Ox.

The results of ESR test are depicted in Fig. 8. As seen in Fig. 8a, no characteristic peak
of ‘OH can be found in the dark. After 5 min of illumination, the signals of ‘OH could be seen
clearly, indicating more -OH were produced by ABT catalyst under illumination. Similarly, obvious
characteristic peaks of -O,  are found in Fig. 8b after 5 min of illumination that is in accordance
with the result of capture experiments.
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Fig. 9. XRD patterns of ABT before and after illumination.

To further explore the photocatalytic mechanism, XRD patterns of fresh and used
AgCl/BiaWOg/TiO; are displayed in Fig. 9. It is noticed that a new peak at 20 =38.2° appears after
illumination, which corresponds to Ag’ nanoparticles reduced from AgCl during photocatalytic
reaction.

The photocatalytic mechanism of RhB over AgCl/Bi;WO¢/TiO, composites is inferred in
Fig. 10. When ABT catalyst is irradiated by a simulated light source, electrons can be activated and
transfer from valence band to conduction band (CB). During the photocatalytic reaction, a portion
of AgCl could be reduced and generate Ag nanoparticles. As an electron bridge, Ag induces electrons
to migrate from the AgCl to Bi,WQOg. As CB potential of Bi2WOg (-0.76 €V) is lower than O,/-Oy
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potential (-0.33eV) [23], Oz could be reduced to Oy, thereby degrading RhB. Meanwhile, e on CB
of TiO, can move to VB of Bi,WOs and couple with h*. Moreover, valence band potential of TiO,
(2.67eV) and AgCl (2.62 eV) are higher than OH7/-OH potential (+2.40 eV), so a portion of holes
gathered on VB of TiO, and AgCl can generate -OH. Due to the strong oxidizing property, the holes
remained on VB of TiO, and AgCl could immediately join the reaction and decompose RhB into
small molecules. The formed ternary ABT composites could remarkably facilitate the separate and
transfer of carriers, and boost the photocatalytic ability.

Degradation
products

products

Degradation Degradation
products products

Fig. 10. Photocatalytic mechanism.

4. Conclusion

A simple and effective approach was designed to synthesize AgCl/Bi,WO¢/TiO, ternary
heterojunction. When the mass ratio was 4:1:4, ABT composites exhibited excellent degradation
performance compared with pure TiO,, AgCIl and Bi,WOs. Characterization experimental results
clarified the close contact of BiWOQOgs, TiO, and AgCl could decline the combination of
photogenerated carriers. Furthermore, the existence of ‘O, and h* is proved in photocatalytic
reaction and the charge transfer route of ABT composites was analyzed.
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