
1

2 Original Research Paper

4 Fabrication of WO3/Ag2CrO4 composites with enhanced visible-light
5 photodegradation towards methyl orange

6

7

8 Jin Luo ⇑, Xiaosong Zhou, Lin Ma, Xiaomei Ning, Liang Zhan, Xuyao Xu, Limei Xu, Lingling Zhang,
9 Huiting Ruan, Zhibin Zhang

10 School of Chemistry and Chemical Engineering, Institute of Physical Chemistry, Development Center for New Materials Engineering & Technology in Universities of Guangdong,
11 Lingnan Normal University, Zhanjiang 524048, China

1213
14

1 6
a r t i c l e i n f o

17 Article history:
18 Received 15 October 2016
19 Received in revised form 28 December 2016
20 Accepted 9 January 2017
21 Available online xxxx

22 Keywords:
23 Silver chromate
24 Tungsten trioxide
25 Composite
26 Photocatalysis
27 Visible-light-driven
28

2 9
a b s t r a c t

30In this work, a novel visible-light-driven WO3/Ag2CrO4 composite was successfully synthesized through a
31facile precipitation method and characterized by scanning electron microscopy (SEM), high-resolution
32transmission electron microscopy (HRTEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy
33(XPS), UV–vis diffuse reflectance spectroscopy (UV–vis DRS) and photoluminescence (PL) spectroscopy.
34Compared to individual WO3 and Ag2CrO4, the WO3/Ag2CrO4 composite exhibited much higher photocat-
35alytic activity for the photocatalytic degradation of methyl orange (MO) under visible light irradiation
36(k > 420 nm). Importantly, it is interesting to find that the optimum photodegradation rate constant of
37WO3(2.0 wt%)/Ag2CrO4 is 0.00487 min�1, which is 14.3 and 3.1 times higher than that of individual
38WO3 and Ag2CrO4, respectively. The enormous enhancement in photocatalytic performance could be
39mainly ascribed to the efficient separation of photogenerated electrons and holes through the
40Z-scheme electron transfer composed of WO3, Ag and Ag2CrO4. Furthermore, radical trap experiments
41reveals that the holes and superoxide radical anions are the primary reactive species in the photocatalytic
42degradation of MO. Ultimately, a possible photocatalytic mechanism for the efficient WO3/Ag2CrO4

43composite was proposed.
44� 2017 Published by Elsevier B.V. on behalf of The Society of Powder Technology Japan. All rights
45reserved.
46

47

48

49 1. Introduction

50 As a green and promising technology, semiconductor photo-
51 catalysis has attracted a great deal of attention in the last few dec-
52 ades because it is of great potential to solve serious challenges in
53 the field of environmental pollution, energy shortage and global
54 warming [1,2]. Up to now, numerous efforts have been strived to
55 the development of high efficiency photocatalysts, such as TiO2

56 [3], ZnO [4], CdS [5], C3N4 [6], Ta3N5 [7], BiVO4 [8], and more.
57 Among them, TiO2 is considered as one of the most promising pho-
58 tocatalyst and has been extensively investigated owing to the non-
59 toxicity, low cost, relatively high chemical stability and strong
60 oxidizing power [9]. Unfortunately, TiO2 can only be excited under
61 ultraviolet light irradiation due to its large band gap (3.2 eV for
62 anatase TiO2 and 3.0 eV for rutile TiO2) [10,11]. Additionally, it is
63 well known that the ultraviolet region occupies only approxi-
64 mately 4% of the entire solar spectrum, while about 43% of the

65energy belongs to the visible light [12]. Consequently, in order to
66utilize solar energy more efficiently in the photocatalytic pro-
67cesses, there is an urgent need to develop highly efficient and
68stable visible light driven photocatalysts for practical applications.
69To date, many visible light driven photocatalysts, such as Bi-
70containing compounds [8,13], W-containing compounds [14,15],
71Ag-containing compounds [16,17], and so forth, have been created
72and applied to degrade organic pollutants and produce hydrogen
73from splitting water through utilizing abundant sunlight. Among
74them, silver chromate (Ag2CrO4), as a novel high-efficiency visible
75light driven photocatalyst with a narrow band gap (�1.8 eV), has
76intrigued significant research interest and has been recognized as
77one of the most promising photocatalysts for the degradation of
78organic pollutants under visible light irradiation due to its strong
79absorption in visible-light region, unique electronic structure and
80crystal structure [18–20]. Unfortunately, the practical application
81of Ag2CrO4 is currently limited due to it usually undergo photocor-
82rosion and fast recombination ratios of photogenerated charge car-
83riers during the photocatalytic reactions, and it is slightly soluble
84in aqueous solution [21], resulting in low photocatalytic activity.
85Excitingly, coupling a wide band gap semiconductor with a narrow
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86 band gap semiconductor to form heterojunction composites by
87 well-matched energy bands has been considered as an efficient
88 strategy toward extending visible light spectral responsive range,
89 improving the separation efficiency of photogenerated charge car-
90 riers, and enhancing the photocatalytic activity and stability [22].
91 Up to now, some coupling systems of Ag2CrO4-based composites,
92 including of AgBr/Ag2CrO4 [21], ZnO/AgBr/Ag2CrO4 [23], ZnO/
93 Ag2CrO4 [20], GO/Ag2CrO4 [19], ZnO/AgI/Ag2CrO4 [24], ZnO/
94 Ag3VO4/Ag2CrO4 [25], g-C3N4/Fe3O4/Ag2CrO4 [26], and so forth,
95 have been reported to be enhanced photocatalytic activity of
96 Ag2CrO4 for the degradation of organic contaminants under visible
97 light irradiation. Furthermore, tungsten trioxide (WO3), as a transi-
98 tion metal oxide semiconductor and a promising visible light dri-
99 ven photocatalyst, has been considered as an effective candidate

100 for pollutant degradation due to its narrow band gap (2.6–
101 2.8 eV), nontoxicity, resilience to photocorrosion and good electron
102 transport properties [27–29]. Fortunately, it has been found that
103 the conduction band (ECB) and valence band (EVB) edge potential
104 positions of Ag2CrO4 (ECB = 0.50 eV and EVB = 2.22 eV) are both
105 more negative than that of WO3 (ECB = 0.79 eV and EVB = 3.39 eV)
106 [18,29]. It implies that under visible light irradiation the photogen-
107 erated electrons can move from the conduction band of Ag2CrO4 to
108 that of WO3, meanwhile, the photogenerated holes in the valence
109 band of WO3 can migrate to that of Ag2CrO4, which avoid the
110 recombination of the electron-hole pairs and accumulation of pho-
111 togenerated electrons on the conduction band of Ag2CrO4, and thus
112 improve the stability of Ag2CrO4. Therefore, WO3 emerges as a
113 promising combinational candidate. Nonetheless, to the best of
114 our knowledge, there is no report on the preparation and photocat-
115 alytic activity of WO3 modified Ag2CrO4 photocatalyst.
116 As a consequence, in this work, a novel composite photocatalyst
117 WO3/Ag2CrO4 has been fabricated by a facile chemical precipita-
118 tion method at room temperature without using any surfactants.
119 The photocatalytic activity and stability of the as-prepared samples
120 were evaluated in the photocatalytic degradation of methyl orange
121 (MO) organic dye in an aqueous solution under visible light irradi-
122 ation (k > 420 nm). The results indicated that WO3 nanoparticles
123 can significantly improve the photocatalytic activity of Ag2CrO4

124 due to the formation of Z-scheme system composed of WO3, Ag
125 and Ag2CrO4, which effectively facilitated the separation of hole-
126 electron pairs. Furthermore, a possible photocatalytic mechanism
127 of WO3/Ag2CrO4 composite related to the band positions of the
128 two semiconductors was discussed in detail.

129 2. Experimental

130 2.1. Materials

131 All reagents were of analytical grade and used without further
132 purifications. Deionized water was used throughout this study.

133 2.2. Catalysts preparation

134 WO3 nanoparticles were prepared by a solid-state decomposi-
135 tion reaction of (NH4)10W12O41�xH2O at 500 �C in a muffle furnace
136 for 4 h in a semiclosed system at a heating rate of 20 �C min�1

137 under air condition. The product was washed several times with
138 distilled water and absolute ethanol and dried at 80 �C for 12 h.
139 WO3/Ag2CrO4 composites were fabricated by a facile in situ
140 chemical precipitation method under the dark condition. Typically,
141 first of all, a certain amount of the as-prepared WO3 samples
142 (6.7 mg, 13.5 mg and 27.6 mg) were sonicated thoroughly into
143 30 mL distilled water for 30 min. Then, 4 mmol AgNO3 was added
144 into the dispersion of WO3 under the vigorous stirring. After stir-
145 ring for 30 min, 2 mmol K2CrO4 dissolved in 20 mL distilled water

146was added dropwise into the dispersion with constant stirring, and
147the mixture was further vigorously stirred at room temperature for
1484 h. Finally, the precipitate was collected by centrifugation, washed
149several times with distilled water and absolute ethanol, and dried
150at 55 �C in a vacuum oven for 24 h. The obtained products were
151denoted as WO3(x)/Ag2CrO4, where x% stands for the theoretical
152mass percent of WO3 in the WO3/Ag2CrO4 composites. That is to
153say, the as-prepared samples were also accordingly denoted
154as WO3(1.0 wt%)/Ag2CrO4, WO3(2.0 wt%)/Ag2CrO4 and
155WO3(4.0 wt%)/Ag2CrO4. Moreover, for comparison, pure Ag2CrO4

156nanoparticles were prepared following the similar procedure men-
157tioned above in the absence of WO3.

1582.3. Catalysts characterization

159X-ray diffraction (XRD) patterns of the as-prepared samples
160were recorded on an X-ray diffractometer (D/max-IIIA, Japan)
161using Cu Ka radiation. The surface morphology of the as-prepared
162samples was examined by a scanning electron microscopy (SEM)
163(LEO1530VP, LEO Company) and a high-resolution transmission
164electron microscope (HRTEM, JEOL, JEM2100). The UV–Vis light
165absorption spectra of the as-prepared samples were obtained from
166a Hitachi UV-3010 spectrophotometer equipped with an integrat-
167ing sphere assembly and using the diffuse reflection method and
168BaSO4 as a reference to measure all the samples. X-ray photoelec-
169tron spectroscopy (XPS) analysis was performed with a Krato Axis
170ultra DLD spectrometer equipped with an AlKa X-ray source, the
171binding energy was referenced to C 1s peak at 284.6 eV for calibra-
172tion. Photoluminescence (PL) spectra were measured on an F-7000
173Fluorescence spectrophotometer (Hitachi, Japan).

1742.4. Photocatalytic tests of photocatalysts

175The photocatalytic performance of the as-prepared samples was
176evaluated through the photodegradation of MO under visible light.
177A 300W Xe-arc lamp equipped with a 420 nm cutoff filter was
178used as a visible light source. In a typical photocatalytic measure-
179ment, suspension including the photocatalyst (50 mg) and MO
180solution (150 mL, 10 mg L�1) was laid in a 250 mL cylindrical
181quartz reactor equipped with a water circulation facility. Before
182irradiation, the reaction suspension was sonicated for 5 min and
183stirred in the dark for 60 min to ensure the equilibrium of adsorp-
184tion and desorption. During the photocatalytic tests, 5 mL of the
185suspension was obtained at a given time intervals, followed by
186centrifugation at 10,000 rpm for 10 min to remove the photocata-
187lyst. The concentration of the remaining MO was measured by its
188absorbance (A) at 465 nm with a Hitachi UV-3010 spectropho-
189tometer. The degradation ratio of MO can be calculated by X =
190(A0-At)/A0 � 100%, where A0 and At are the concentration of MO
191before illumination and after illumination time t.
192Moreover, the tests of active species trapping were carried out
193under the identical procedure mentioned above except for adding
1942 mmol tert-butyl alcohol (t-BuOH, a quencher of �OH), 1 mmol tri-
195ethanolamine (TEOA, a quencher of h+) and 0.1 mmol 1,4-
196benzoquinone (BQ, a quencher of �O2

�), respectively.

1973. Results and discussion

1983.1. Characterization of the samples

199The crystalline structure and purity of the as-prepared samples
200were investigated by X-ray powder diffraction (XRD). Fig. 1 dis-
201plays XRD patterns of the pure Ag2CrO4, WO3 and WO3/Ag2CrO4

202composites with different weight percents of WO3. It can be clearly
203seen that all the samples were well crystallized. For the pure
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