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Deposition of Au NPs enhances photocatalytic activity toward selective oxidation of alcohol in 

water and Cr(VI) reduction over Bi2WO6 nanosheets. 
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Abstract: A series of Au/Bi2WO6 nanocomposites with different weight ratios of Au were fabricated via a 

hydrothermal combined with a rapid reduction-deposition method. Au/Bi2WO6 nanocomposites are proven 

to serve as selective visible light photocatalysts toward aerobic oxidation of benzylic alcohols and 

reduction of heavy ions Cr(VI), instead of being nonselective in water. Loading Au NPs greatly enhances 

the photocatalytic activity of Bi2WO6 for the selective oxidation of alcohols and reduction of heavy metal 

ions. The enhancing effect is dependent on the weight ratios of Au to Bi2WO6 in the hybrid nanostructures. 

The optimal catalysts for alcohol oxidation and Cr(VI) reduction are 2.0 wt% and 1.0 wt% Au/Bi2WO6, 

respectively. Furthermore, we find that loading Au results in an obvious increase in photo-induced 

generation of charge carriers and active radicals determined by electron spin resonance spectroscopy (ESR). 

ESR signals denoting photogenerated holes and catalytic activity of alcohol oxidation have a similar 

dependence on the amounts of Au loading. Besides, the generation and transfer of photogenerated electrons 

induced by Au loading, as well as the relationship with photocatalytic activity of Cr(VI) reduction, have 

been examined using the photoelectrochemical characterizations. The possible roles of Au deposition in 

improving the photocatalytic redox activity of Bi2WO6 are also discussed.  

 

Keywords: Visible-light photocatalysis, Bi2WO6, Au NPs, selective oxidation, Cr(VI) reduction 

 

1. Introduction 

Semiconductor photocatalysis has attracted significant attention due to its promising application in 

environmental benign organic synthesis, production of hydrogen from water, and degradation of toxic 

pollutants.
1-3

 Since the photocatalytic process involves the generation of charge carriers induced by light, an 
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ideal photocatalyst should have both a wide photo-absorption range and a low recombination rate of 

photogenerated charge carriers. Several attempts have been made to engineer the band structure of 

semiconductor to extend the spectral responsive range by doping nonmetal or metal ions,
4
 localize charge 

carriers on the surface of semiconductor by adding inorganic sensitizers or dyes,
5
 and to construct 

heterostructures to improve the charge separation efficiency of photocatalysts,
6,7

 while more work has 

focused on developing novel photo-functional materials that can harvest visible-light photons and convert 

them to chemical energy.
8
 

It has been previously reported that loading of an appropriate co-catalyst on traditional photocatalysts 

(such as TiO2, ZnO, and SnO2) can effectively reduce the surface recombination of photogenerated 

electron-hole pairs and significantly enhance the photocatalytic activity.
9
 More importantly, for the certain 

metallic nanostructures including Au and Ag nanoparticles (NPs), the surface plasmon resonance (SPR) 

localized at the conduction band of metal nanostructures generally overlaps with the solar spectrum and has 

been employed to promote the efficiency of photocatalysis under visible light irradiation.
10-12

 The electrons 

in metal NPs might be excited by the localized SPR with visible light absorption and subsequently 

transferred to the conduction band of the attached semiconductors. The electrons transferred to the surface 

of semiconductors and the holes remaining on the surface of metal NPs can act as redox centers to initiate 

photocatalytic reactions.
13

 Alternatively, the SPR on metal nanostructures may enhance the local electric 

field of neighboring semiconductors, and therefore, enhance the photocatalytic efficiency of 

semiconductors.
14

 

As one of the simplest Aurivillius oxides with layered structure, Bi2WO6 is special for its good 

photocatalytic performance under visible light irradiation.
15-17

 However, bare Bi2WO6 can be excited by the 

irradiation from UV light to visible light with wavelength of shorter than ca. 450 nm,
18

 which only occupies 

a small part of the solar spectrum. Moreover, the rapid recombination of photoinduced electron-hole pairs 

seriously limits the energy conversion efficiency of Bi2WO6 photocatalytic system. Xue et al. have reported 

that loading of Ag NPs could greatly improve the photocatalytic activity of Bi2WO6 in both the 

decolorization of dye RhB and desulfurization of thiophene.
19

 The loaded Ag NPs acted as the electron 

receptor on the surface of Bi2WO6, which inhibited the recombination of photogenerated charge carriers 

and improved the photocatalytic activity. However, the heterogeneous nanostructures between plasmonic 

Au NPs and Bi2WO6 nanosheets, the improved photocatalytic performance compared with the individual 
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Bi2WO6, and the possible enhanced mechanism were not investigated before.  

Water is a more economic and environmentally viable solvent for the organic reaction. The 

aqueous-phase photocatalysis has received wide research interest, mainly in the nonselective degradation of 

pollutants for the environmental cleanup.
20-22

 In recent years, with increasingly severe environmental 

limitations on chemical processes, the aqueous-phase photocatalysis has been utilized in some other 

processes, including selective organic synthesis.
23-28

 For example, Palmisano’s group has carried out 

aqueous-phase selective oxidation of benzyl alcohols to benzaldehydes with selectivities of 45-74% over 

the home-prepared rutile TiO2.
28-30

 Xu et al., has reported that the flower-like Bi2WO6 can selectively 

oxidizing glycerol and benzylic alcohols in water under ambient conditions.
26,27

 The reported researches 

substantiate the versatile capability of semiconductor-based photocatalysis to drive the selective redox 

reactions in water.
23-30

  

In this study, we reported the effective photocatalytic selective oxidation of alcohols in water, a green 

solvent in organic chemistry, over Au/Bi2WO6 hybrid nanostructures with different weight ratios of Au 

under visible light irradiation (λ>400 nm). On the other hand, the photocatalytic activity of Cr(VI) 

reduction over Bi2WO6 was substantially improved after Au NPs loading. The relationships between the 

photo-induced generation of charge carriers and photocatalytic activity of benzyl alcohol oxidation or 

Cr(VI) reduction were investigated over Au/Bi2WO6 nanocomposites by using ESR and 

photoelectrochemical techniques. The optimal amounts of Au NPs loaded in the Au/Bi2WO6 hybrid 

nanostructures were determined for the alcohol oxidation and Cr(VI) reduction, respectively. Based on 

these results, the possible roles of Au deposition in improving the photocatalytic activity of Bi2WO6 were 

also discussed. It is hoped that this work can draw attention to synthesize more efficient nanocomposite 

photocatalysts for solar energy conversion, especially in the field of diverse redox processes in water under 

the framework of green chemistry.  

 

2. Experimental Section 

2.1 Materials 

L-lysine and benzylic alcohols were obtained from J&K Scientific Ltd., P. R. China. 

5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) were 

purchased from TCI (Shanghai) Development Ltd. Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), sodium 
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tungstate dehydrate (Na2WO4·2H2O), nitric acid (HNO3), ethylene glycol, chloroauric acid hydrated, 

sodium hydroxide (NaOH),  and sodium borohydride (NaBH4) were AR reagents purchased from Beijing 

Chemical Works, P. R. China. All chemicals were used as received without further purification and all 

aqueous solutions were prepared with ultrapure water obtained from Millipore system.  

2.2 Catalysts preparation 

Bi2WO6 nanosheets were synthesized following a modified hydrothermal method. Typically, 5mmol of 

Bi(NO3)3·5H2O was dissolved in 2.5 ml of 20% HNO3 (vol %) aqueous solution. Then, 20ml of 0.125 

mol/L Na2WO4·2H2O ethylene glycol solution was added, followed by vigorous stirring 1h to obtain an 

uniform suspension. The pH of the suspension was adjusted to 7.5 with 0.1 mol/L NaOH. Subsequently, the 

mixed solution was transferred to 100ml Teflon-sealed autoclave and maintained at 453K for 5h. The 

resulting sample was recovered by filtration, washed by water and alcohol, and fully dried at 333K in oven 

to get Bi2WO6 nanosheets sample. 

The Au/Bi2WO6 catalysts were prepared by a sonication-assisted reduction method according to the 

literature.
31

 In a typical preparation of Au/Bi2WO6 catalyst (2.0 wt%), 0.5 g Bi2WO6 was put in 5.0 ml 

deionized water, and 5.3 ml of 0.01 mol/L HAuCl4 and 6.0 ml of 0.01 mol/L lysine were added 

subsequently. The pH of the suspension was adjusted to 5-6 with 0.1 mol/L NaOH. Thereafter, the 

suspension was subjected to ultrasonication for 20 s. Freshly prepared 5.3 ml NaBH4 (0.1 mol/L, 5-10 

times the Au molar number) was injected during the sonication. The products were collected by 

centrifugation, washed thoroughly with water, and dried at 333 K overnight. The obtained powders were 

calcined in a muffle furnace at 573 K for 1h. The as-prepared composite catalyst was referred to as 2.0 wt% 

Au/Bi2WO6. A series of Au/Bi2WO6 composites with different weight ratios of Au to Bi2WO6 were 

prepared by changing the amounts of HAuCl4 solution.  

2.3 Catalysts characterization 

The X-ray diffraction (XRD) measurements were performed on a D8 Advance diffractometer (Bruker) with 

Cu Kα radiation (λ = 0.15405 nm) in the range of 10-80° (2θ). Transmission electron microscopy (TEM) 

and high resolution transmission electron microscope (HRTEM) images were obtained with a FEI Tecnai 

G2 high-resolution transmission electron microscope operating at 200kV. UV-vis diffuse-reflectance 

spectra (UV-vis DRS) were obtained on an UV-vis spectrophotometer (UV-2550, Shimadzu, Japan) at room 

temperature and transformed to the absorption spectrum according to the Kubelka-Munk relationship. 
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BaSO4 was used as a reflectance standard in the UV-vis diffuse-reflectance experiments. XPS 

measurements were performed on a Thermo Scientific ECALAB 250xi system with Mg Κα source. All the 

binding energies were calibrated by C1S peak at 284.8 eV of the surface adventitious carbon. 

Energy-dispersive X-ray (EDX) spectroscopy being attached to scanning electron microscopy (SEM, 

Hitachi S4800) was used to analyze the composition of samples. The surface area of Bi2WO6 and 

Au/Bi2WO6 hybrid nanostructures with different Au loading were analyzed using Autosorb iQ surface area 

analyzer and AsiQwin software. Electron spin resonance (ESR) measurements were carried out using a 

Bruker ER200-SRC spectrometer at ambient temperature. A 300W Xe lamp equipped with the 400nm 

cutoff filter was used the irradiation source in ESR studies. All the ESR measurements were carried out 

using the following settings: 20 mW microwave power, 100 G scan range and 1 G field modulation. The 

photocurrent measurement, electrochemical impedance spectroscopy (EIS) measurement, and 

Mott-Schottky experiment were carried out in a standard three-electrode cell containing 0.5 mol/L Na2SO4 

aqueous solution with a platinum foil and a saturated calomel electrode as the counter electrode and the 

reference electrode, respectively, on a CHI 760D workstation (Shanghai, China). The working electrode 

was prepared as described in the recent reports.
32

 A 300 W Xe lamp with a 400nm cutoff filter was chosen 

as a visible light source. All of the electrochemical measurements were performed at room temperature. 

2.4 Photocatalytic activity 

Photocatalytic selective oxidation of benzyl alcohol was conducted in a 25 ml round-bottomed transparent 

glass flask equipped with a sealed spigot. Typically, the catalyst (50 mg) and benzyl alcohol (0.35 mmol) 

were added into the solvent of ultrapure water (5ml). This system was stirred for 30 min in dark to achieve 

adsorption equilibrium of reagents. The suspensions were irradiated under ambient conditions: i.e., room 

temperature and atmospheric pressure. A 300W Xe lamp (PLS-SXE 300, Beijing Perfect, Co. Ltd.) with 

400nm cutoff filter was employed as the irradiation source. The reaction under light irradiation was 

maintained at the same temperature as that in dark to ensure the comparison was meaningful. Aliquots (1.0 

ml) were collected at given time intervals and filtered through a Millipore filter (pore size 0.45µm) to 

remove the catalyst particles. The filtrates were analyzed by using an Agilent high performance liquid 

chromatograph (1200 HPLC) equipped with a diode-array detector (G1315C) and C18 column. The mobile 

phase was a mixture of 70% acetonitrile and 30% ultrapure water. Conversion of alcohol and selectivity of 

aldehyde or acid were calculated as  
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Conversion (%) = [(C0 – Calcohol) / C0] × 100       

Selectivity (%) = [Caldehyde or Cacid / (C0 – Calcohol)] × 100  

Where C0 was the initial concentration of alcohol, Calcohol, Caldehyde and Cacid were the concentration of the 

substrate alcohol and the corresponding aldehyde or acid at a certain time after the reaction, respectively. 

As to photocatalytic reduction of Cr(VI), 50 mg photocatalysts were dispersed into 50 mL Cr(VI) 

solution (20 mg/L), based on Cr in a dilute K2Cr2O7 solution. The mixed suspension was stirred in the dark 

for 30min to establish the adsorption-desorption equilibrium and then exposed to visible light irradiation. 

During the process of the reaction, 3 mL of the suspension was collected at certain time intervals and 

centrifuged to remove the catalyst particles. The supernatant was analyzed on an UV-vis spectrophotometer 

and the normalized temporal concentration changes (C/C0) of Cr(VI) were calculated on the basis of the 

change in the absorbance at ca. 371 nm. 

 

3. Results and discussion 

3.1 Phase structure, morphology and SBET 
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Fig. 1 XRD patterns of Au/Bi2WO6 hybrid nanostructures with different Au contents (wt%) (a) Bi2WO6, (b) 

0.5% Au/Bi2WO6, (c) 1.0% Au/Bi2WO6, (d) 2.0% Au/Bi2WO6, (e) 3.0% Au/Bi2WO6, (f) 4.0% Au/Bi2WO6, 

respectively. 

 

The crystal structure and phase composition of the as-prepared samples were investigated using XRD. Fig. 

1 indicated the XRD patterns of Au/Bi2WO6 hybrid nanostructures with different Au contents. XRD data 
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revealed that the main phase of all the samples can be identified as the orthorhombic phase of Bi2WO6, which 

matched very well with the reported data (JCPDS no. 73-1126).
33

 In detail, as shown in Fig.1, the main 

diffraction peaks at 2θ of 28.3°, 32.8°, 47.1°, 55.8°, and 58.5° corresponded to the indices of (113), (200), 

(020), (220), (026), (313), (133), and (226) planes, respectively. For the samples with higher Au contents 

(2.0-4.0wt% Au/Bi2WO6), weak peaks belonging to Au(111) diffraction were observed at 2θ~38°, indicating 

the presence of metallic Au.
34

 However, the diffraction peaks could not be observed due to the weak signal 

beyond the XRD detection limit when the Au content was below 2.0%.  

Fig. 2 displayed the TEM images of bare Bi2WO6 nanosheets and Au/Bi2WO6 hybrid nanostructures 

having different amounts of Au loading. It can be seen that bare Bi2WO6 sample had an irregular nanosheet 

morphology (Fig. 2a). As shown in the inset of Fig. 2a, selective area electron diffraction (SAED) pattern 

of individual nanosheets showed regular square diffraction spot array, which corresponded to the lattice 

spacing of 0.274, 0.272 and 0.381 nm from the (200), (020) and (220) Bragg reflection of orthorhombic 

Bi2WO6, respectively. During the reduction of Au
3+

 in the presence of Bi2WO6 nanosheets, the original 

light yellow suspension changed to dark gray indicating the formation of Au/Bi2WO6. TEM images of Fig. 

2b-2d clearly showed the uniform dark dots distributed homogeneously on the surface of Bi2WO6 

nanosheets after Au deposition. Further HRTEM observation (Fig. 2e) indicated that the distances between 

the adjacent lattice fringes were about 0.381 nm and 0.274 nm, in agreement with the d-spacing of the (220) 

and (200) planes of orthorhombic Bi2WO6.
33,35

 As for the sample of 2.0% Au/Bi2WO6, besides the lattice 

fringes corresponding to orthorhombic phase of Bi2WO6, another kind of lattice fringes with d spacing of 

0.236 nm for the dark dots can be found in the HRTEM image (Fig. 2e), which can be indexed as the (111) 

plane of face-centered cubic Au (JCPDS No. 04-0784).
34

 Therefore, the dark dots can be identified as Au 

NPs.  

Au NPs were visible in TEM images even for 0.5wt% Au/Bi2WO6 sample (Fig. 2b). When the weight 

ratio of Au to Bi2WO6 increased, both the size and density of Au NPs gradually increased (Fig. 2c and 2d). 

We have calculated the size of Au NPs for the prepared nanostructures with different Au loading amounts 

and the size distribution was given in Fig. 2f. The average sizes of Au NPs were determined to be 3.2, 4.6 

and 6.1 nm corresponding to Au/Bi2WO6 with different weight ratio of 0.5wt%, 2.0wt% and 4.0wt%, 

respectively. Some uneven distribution of Au NPs and slightly wider size distribution were observed at 4.0 

wt% loading. Additionally, energy dispersive X-ray (EDX) analysis was conducted for element 
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constituents of the hybrid nanostructures, which were shown in Fig. S1A (see Electronic supplementary 

information, ESI). Au, Bi and W were found in the EDX spectrum of 3.0 wt% Au/Bi2WO6 sample. 

Quantitative results gave the atomic ratio of 2.15 for Bi/W, which was close to the ideal value of 2 

considering the instrumental error. Assuming a complete reduction of HAuCl4 to Au, the calculated 

Au/Bi2WO6 weight ratios were compared with the measured ratios (from EDX analysis, average of three 

measurements). A linear relationship with a slope of 0.76 was found (see Fig. S1B of ESI), which indicated 

that the weight percentage of Au deposited on Bi2WO6 was proportional to the amount of HAuCl4 in the 

reaction mixture. Because the slope for the linear relationship was less than 1, it was clear that not all of 

HAuCl4 was reduced and deposited onto Bi2WO6 as Au NPs. Overall, these results demonstrated that 

loading of Au on Bi2WO6 nanosheets can be controlled simply by changing the adding ratio of reactants. 
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Fig. 2 TEM images of bare Bi2WO6 nanosheets (a) and Au/Bi2WO6 nanocomposites formed at different 

Au/Bi2WO6 weight ratios of 0.5% (b), 2.0% (c), and 4.0% (d). (e) HRTEM image for the sample from 

panel c; (f) the size distribution of Au NPs on Bi2WO6 nanosheets. 

 

Besides, the specific surface areas (SBET) for pristine Bi2WO6, Au/Bi2WO6 hybrid nanostructures with 

different Au/Bi2WO6 weight ratios of 0.5%, 1.0%, 2.0%, 3.0%, and 4.0%, were determined to be 29.66, 

27.94, 25.99, 24.10, 22.54, and 20.38 m
2
/g, respectively. The pristine Bi2WO6 nanosheets had a relatively 

high SBET up to 29.66 m
2
/g, while the SBET of Au/Bi2WO6 samples slightly decreased with increasing Au 

contents after Au NPs deposition. The decrease of SBET is because the specific surface area (m
2
/g) is 

expressed per gram of the samples. The density of Au (19.3 g/cm
3
) is more than that of Bi2WO6. 

Consequently, the densities of Au/Bi2WO6 samples increased with increasing Au amount, resulting in the 

reduction of SBET.
34

 

3.2. Chemical state and optical properties 

Further evidence for the chemical composition and oxidation states of the as-prepared 2.0wt% Au/Bi2WO6 

hybrid nanostructure was obtained by XPS analysis. The XPS spectra of 2.0wt% Au/Bi2WO6 were shown in 

Fig. 3A-D. It can be seen that the sample contained only Bi, W, O and Au elements and a trace amount of 

carbon. The C element was ascribed to the residual carbon from the precursor solution and the adventitious 

carbon from the XPS instrument itself. Fig. 3B-D showed the high-resolution spectra of the Au 4f, Bi 4f, and 

W 4f regions, respectively. The high-resolution XPS spectrum of Au 4f was presented in Fig. 3B. The Au 4f 

spectrum of 2.0wt% Au/Bi2WO6 was composed of two peaks at the binding energies of 83.8 and 87.5 eV, 

assigned to Au 4f7/2 and Au 4f5/2 , respectively, suggesting that the Au species in the sample were presented 
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in the metallic state.
36

 No oxidized gold species were detected. In Fig. 3C, it was obvious that the Bi 4f 

spectrum consisted of two peaks with binding energies around 158.7 and 164.0 eV, which corresponded to 

the signals from doublets of Bi 4f7/2 and Bi 4f5/2 in the trivalent oxidation state, and no other peaks of low 

oxidation state. As indicated in Fig. 3D, the peaks at 37.5 and 35.2 eV, corresponding to W 4f5/2 and W 4f7/2 , 

respectively, can be assigned to a W
6+

 oxidation state.
33

 Based on the XRD, HRTEM, and XPS results 

demonstrated above, we can conclude that the loaded Au should be metallic state Au NPs. Furthermore, the 

peak areas were determined for the quantitative elemental analysis of Bi, W, O and Au in 2.0wt% 

Au/Bi2WO6 hybrid nanostructure, and the atomic ratio of Bi: W: O: Au was 2.1: 1: 6.08: 0.08. Converted to 

the weight ratio of Au and Bi2WO6, about 1.69 wt% of Au NPs were deposited on the Bi2WO6 nanosheets, 

which was close to the measured value of EDX analysis (1.50 wt%).  
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Fig. 3 XPS spectra of 2.0wt% Au/Bi2WO6 sample. (A) the survey spectra, and the high resolution XPS 

spectra of the sample, (B) Au 4f, (C) Bi4f, and (D) W4f.  

 

The UV-Vis diffuse absorption spectra of bare Bi2WO6 and Au/Bi2WO6 hybrid nanostructures with 

different Au contents were presented in Fig. 4. Bare Bi2WO6 nanosheets exhibited photo-absorption from 

UV light region to visible light at about 470 nm, due to the intrinsic band-gap transition. The band gap 

Page 11 of 27 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 11

energy (Eg) was calculated based on the absorption spectra by the formula,
37

 (αhv)
1/n

 = A (hv- Eg), where h 

is Planck’s constant, v is frequency of vibration, α is the absorption coefficient, Eg is the band gap, and A is 

a proportionality constant. The value of the exponent n denotes the nature of the sample transition and n = 

0.5 when assuming a direct allowed transition. According to the results of this analysis, the band gap values 

of bare Bi2WO6, 1.0% Au/Bi2WO6, 2.0% Au/Bi2WO6, and 4.0% Au/Bi2WO6 samples were 2.76, 2.74, 2.72, 

and 2.71eV, respectively. The Au/Bi2WO6 nanocomposites exhibited the similar Eg to pristine Bi2WO6, 

which demonstrated that the introducing of Au had almost no influence on the band gap energy of Bi2WO6. 

However, the absorption spectra of Au/Bi2WO6 samples were obviously different from that of pure Bi2WO6. 

After Au loading, the nanocomposite samples exhibited a peak shoulder centered at ca. 580 nm for 1.0% and 

2.0% Au/Bi2WO6, which was due to the absorption of the Au surface plasmon resonance (SPR). The surface 

plasmon absorption in the metal NPs arises from the collective oscillations of the free conduction band 

electrons that are enhanced by the incident electromagnetic radiation.
38

 For 4.0% Au/Bi2WO6, the SPR 

absorption peaks shifted from 580 to 589 nm. Moreover, the intensity of the SPR band initially increased 

with increasing of Au loading amount up to 2.0%, but then decreased for the sample of 4.0% Au/Bi2WO6. It 

has been reported that the band position and intensity of the plasmon absorption strongly depend on the Au 

content, particle size of Au NPs, and the surrounding environment.
38

 The shifting of SPR absorption peaks 

in Fig. 4 was probably ascribed to the increase in the particle sizes of Au for 4.0% Au/Bi2WO6, as partially 

evidenced by the TEM images shown in Fig. 2.  
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Fig. 4 UV-Vis absorbance spectra of bare Bi2WO6 nanosheets and Au/Bi2WO6 hybrid nanostructures (1%, 

2% and 4% Au/Bi2WO6). 
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3.3. Photocatalytic selective oxidation of benzyl alcohol 
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Fig. 5 The conversion yield of benzyl alcohol and the selectivity to benzaldehyde over different Au/Bi2WO6 

nanocomposite catalysts. Reaction conditions: catalyst (50 mg), benzyl alcohol (0.35 mmol), solvent water 

(5 mL), air atmosphere, reaction time 8h, and temperature 298±1K. 

 

Photocatalytic activity of the as-prepared Au/Bi2WO6 hybrid nanostructures was investigated by the 

selective oxidation of benzyl alcohol in water, often used as a substrate for the aerobic oxidation.
28,36

 Fig. 5 

summarized the results of benzyl alcohol oxidation after 8h reaction in the dark (black bars) or under 

visible light irradiation (λ>400nm, white bars). With bare Bi2WO6, no reaction occurred in the dark, and 

9.8% benzyl alcohol was oxidized under visible light irradiation. In contrast, Au/Bi2WO6 catalysts in the 

dark exhibited certain activity to selective oxidation of benzyl alcohol. It was consistent with the previous 

reports, in which small Au particles (diameter < 5nm) were active for the aerobic oxidation in the dark.
39,40

 

Noticeably, the loading of an appropriate amount of Au NPs can effectively enhance the photoactivity of 

the nanocomposites as compared to that of blank Bi2WO6 and the selectivity distribution of the product was 

changed accordingly. As shown in Fig. 5, when the weight addition ratio of Au was 2.0%, optimal 

photocatalytic performance was obtained. Under 8h visible light irradiation, the conversion of benzyl 

alcohol and the selectivity for benzaldehyde over 2.0% Au/Bi2WO6 were measured to be ca. 65.4% and ca. 

82%, which were higher than the values obtained over blank Bi2WO6 (ca. 9.8% conversion and 65% 
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selectivity for benzaldehyde). Specifically, the carbon mass balance estimation based on HPLC analysis 

confirmed that the primary products of photocatalytic oxidation of benzyl alcohol were aldehyde and acid 

within the scope of intrinsic error from a HPLC analysis. Thus, the main by-product was benzoic acid 

instead of carbon dioxide in the present experimental conditions. However, further increasing the Au 

content (>2.0%) led to a distinct decrease in the conversion of benzyl alcohol possibly due to the increase 

of opacity and light scattering of samples, which actually reduced the effective irradiation absorbed by the 

reaction suspension solution.
34

 On the other hand, excessive Au NPs may block the surface active sites and 

thus hinder the photocatalytic selective oxidation.
41

 Additionally, to demonstrate the general applicability 

of Au/Bi2WO6 photocatalyts, we have further tested their visible light photoactivity toward selective 

oxidation of a range of benzylic alcohols with different substituted groups, and the results were listed in 

Table S1 (see ESI). It was clear to see that 2.0% Au/Bi2WO6 was also highly active for the oxidation of 

these benzylic alcohols to the corresponding aldehydes with good selectivity.  
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Fig. 6 The effect of the light intensity (A) and the range of light wavelength (B) on the photo-oxidation of 

benzyl alcohol. Reaction conditions: 2.0% Au/Bi2WO6 catalyst (50 mg), benzyl alcohol (0.35 mmol), 

solvent water (5 mL), air atmosphere, reaction time 8 h, and temperature 298±1K. 

 

To better understand the enhancement mechanism of photocatalytic performance over Au/Bi2WO6 

samples, the effects of light intensity and wavelength range on the photoactivity were investigated. The 

light-induced conversion of benzyl alcohol was calculated by subtracting the conversion yield of the 

reaction in the dark from that of the irradiated system. As indicated in Fig. 6A, the light-induced conversion 

of benzyl alcohol on 2.0% Au/Bi2WO6 catalyst was proportional to the intensity of visible light. The results 

clearly show that higher light intensities give rise to greater light-induced conversion of benzyl alcohol, 
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which reveals that incident light intensity plays an important role in the present photocatalytic system. 

Under visible light irradiation, stronger light intensities excited more Au/Bi2WO6 and generated more 

active species, resulting in a higher conversion rate. Similar linear dependence of reactant conversion with 

light intensity was also observed in the recent reports.
42,43

 The range of wavelength also had influence on the 

photo-oxidation process. When the reaction system was illuminated with different ranges of light 

wavelength (Fig. 6B), such as 400-800, 420-800, and 450-800 nm, while keeping other experimental 

conditions identical, the conversions of benzyl alcohol declined gradually. However, as depicted in Fig. 6B, 

almost no alcohol was oxidized with the illumination of light wavelength 500-800 nm, although a strong 

plasmonic absorption occurs in this range (Fig. 4). The result implied that there was no direct relationship 

between the SPR intensity and the photocatalytic activity of oxidation alcohol.  
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Fig. 7 Controlled experiments of photocatalytic selective oxidation of benzyl alcohol in the presence of 

various scavengers or in the absence of O2 over 2.0% Au/Bi2WO6 catalyst in water under visible light 

irradiation for 8 h. 

 

Herein, the underlying reaction mechanism involved for the photocatalytic oxidation of benzyl alcohol in 

water over Au/Bi2WO6 was investigated in detail. First, the controlled experiments in the absence of 

molecule oxygen (O2) or with adding various scavengers were examined under visible light illumination. 

When disodium ethylenediaminetetraacetate (EDTA) or ammonium oxalate (AO) was added to the benzyl 

alcohol system to trap the holes,
44,45

 the conversion rate of benzyl alcohol decreased significantly (Fig. 7), 

revealing that the photogenerated holes are major oxidative species for the selective oxidation of benzyl 
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alcohol. The addition of electron scavenger AgNO3 could increase the conversion of benzyl alcohol (Fig. 

7)
46

, further confirming that the photogenerated holes were crucial for the oxidation of benzyl alcohol. 

Controlled experiment in the inert N2 atmosphere showed low conversion of benzyl alcohol, suggesting that 

oxygen played an important role in photocatalytic oxidation of benzyl alcohol. However, when 

benzoquinone (BQ), a scavenger for superoxide radicals (O2
·
¯), was added into the reaction system, the 

conversion of benzyl alcohol was almost unchanged, indicating that superoxide radicals was not essential 

for the selective oxidation of benzyl alcohol over Au/Bi2WO6. Based on the above controlled experimental 

results, molecular oxygen might participate directly in the oxidation of benzyl alcohol, which was similar to 

the oxygen atom transfer mechanism in TiO2 photocatalytic system.
47

 On the other hand, the role of 

molecular oxygen could be the trapping photogenerated electrons to form surperoxide radicals, which could 

inhibit the recombination of photogenerated charge carriers and facilitate the selective oxidation of benzyl 

alcohol induced by the photo-holes.  
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Fig. 8 Significant enhancement effect of Au NPs in Au/Bi2WO6  nanocomposites for generation of 

reactive oxygen species and charge carriers under visible light irradiation. ESR spectra obtained from 

samples containing different spin probes (A: 40 mM DMPO methanol solution; B: 40 mM DMPO aqueous 

solution; C: 0.04 mM CPH aqueous solution; D: 0.04 mM TEMPO aqueous solution) and 0.1 mg/mL 
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Bi2WO6 or 2.0% Au/Bi2WO6. All spectra were recorded after 6 min of visible light irradiation. The blank 

represents the sample containing spin probe alone under light illumination, and the sample containing spin 

probe and catalysts in dark.  

 

To identify the generation of reactive species and further investigate the enhancing mechanism of 

photocatalytic performance by deposition Au NPs, ESR spectroscopy with spin trapping and labeling was 

chosen as an effective characterization technique. Here, we selected 5,5-dimethyl-1-pyrroline N-oxide 

(DMPO)
48

 as a spin trap for the hydroxyl radicals and superoxide radicals, 2,2,6,6-tetramethylpiperidine-1-                      

oxyl (TEMPO)
49

 and 1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine (CPH)
50

 for the characterization 

of photogenerated electrons and holes. Fig. 8 showed the ESR spectra obtained from the solutions 

containing various spin probes and Bi2WO6 or Au/Bi2WO6 before and during the irradiation with visible 

light. As indicated in Fig. 8A, upon irradiation for 6 min in the presence of Bi2WO6, we clearly observed 

the characteristic spectrum for the adduct DMPO/·OOH formed between DMPO and superoxide radicals.
46

 

When 2.0% Au/Bi2WO6 hybrid nanostructure was added, the signal intensity of DMPO/·OOH increased 

obviously (about 3 times). These results indicated that the superoxide radicals were generated over bare 

Bi2WO6 or Au/Bi2WO6 under visible light illumination and loading of Au onto Bi2WO6 significantly 

enhanced the photogeneration of O2
·
¯. Besides, the intensity changes of ESR signals for DMPO/·OOH 

adducts as a function of irradiation time in 2.0% Au/Bi2WO6 dispersion were shown in Fig. S2 of ESI. It can 

be seen from Fig. S2 that the amount of DMPO/·OOH adducts exhibited the gradual increase in the first 6 

min of irradiation, and then reached a stable state in 8 min.  

Meanwhile, it can be seen from Fig. 8B that weak signals of DMPO/·OH adduct were observed in pure 

Bi2WO6 and 2.0% Au/Bi2WO6 suspension solutions under visible light irradiation. To clarify the formation 

path of ·OH, we have performed the Mott-Schottky plot for Bi2WO6 nanosheets, as shown in Fig. S3 (see 

the ESI). The flat-band potential of Bi2WO6, as calculated from the X intercepts of the linear region, was 

found to be -0.44 V vs Saturated Calomel Electrode, SCE (equivalent to -0.20 V vs normal hydrogen 

electrode, NHE). It is known that the bottom of the conduction bands was more negative by ~ -0.1 V than 

the flat band potential for many n-type semiconductors.
51

 Therefore, the estimated positions of conduction 

and valence bands of Bi2WO6 nanosheets were -0.30 and 2.46 V vs NHE respectively, based on the UV-vis 

diffuse reflectance spectrum of Bi2WO6 (Fig. 4). The redox potential for dissolved oxygen/superoxide 
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couple is -0.16 V and for the H2O/·OH couple is 2.42 V vs NHE at pH 7.
52

 The observed weak ·OH radicals 

in Fig. 8B may be attributed to very small difference (0.04 V) between the valence band edge of Bi2WO6 

and the redox potential of H2O/·OH couple. Besides, it could not be excluded that ·OH radicals were 

generated via the facile disproportionation of O2
·
¯ in water (e¯ + O2

·
¯ + 2H

+
 → H2O2) and the following 

H2O2 decomposition (H2O2 + e¯ → ·OH + OH¯). 

CPH, though ESR silent itself, can be oxidized to form CP-nitroxide (CP·) radicals with a typical ESR 

spectrum of three lines with intensity ratios of 1:1:1. CPH is an often-used hole scavenger as it can be 

oxidized by holes.
48

 Oxidation of CPH was accompanied by the enhancement of the ESR signals (Fig. 8C). 

Therefore, the generation of photoinduced holes and their behavior can be easily monitored by observing 

changes in the ESR spectrum of CPH. When CPH was exposed to visible light in the presence of Bi2WO6 

or Au/Bi2WO6, we observed ESR spectra consisting of three-lines with hyperfine splitting constant of 16.2 

G. More importantly, the ESR signal intensity generated from photoexcited 2.0% Au/Bi2WO6 was 

calculated as about 4 times the signal from bare Bi2WO6, indicating that deposition of Au on Bi2WO6 

greatly enhanced the generation of photo-holes. The spin label TEMPO was used for identifying the 

photogenerated electrons in bare Bi2WO6 and 2.0% Au/Bi2WO6. TEMPO is a typical spin label molecule, 

having stable triplet ESR spectrum. It can be reduced by electrons associated with photoexcited 

semiconductors, leading to a hydroxyl amine (TEMPOH) which lacks an ESR signal.
47

 As shown in Fig. 

8D, the ESR spectrum of an aqueous solution of TEMPO showed a stable signal having three peaks with 

intensity of 1:1:1. The signal intensity decreased moderately within 6 min of irradiation in the presence of 

Bi2WO6; however, a considerable reduction of ESR signal was observed during the irradiation of 2.0% 

Au/Bi2WO6 nanocomposites. These results demonstrated that the electrons were produced from the 

photoexcited Bi2WO6 or Au/Bi2WO6, and loading of Au onto Bi2WO6 can greatly enhance the reactivity of 

photoinduced electrons. This may be attributable to the low Fermi level of Au, resulting in the transfer of 

conduction band electrons from Bi2WO6 to Au NPs and the increased availability of photoelectrons for the 

reduction.  

The ESR results in Fig. 8 displayed the deposition of Au NPs onto Bi2WO6 nanosheets can significantly 

enhance the photo-induced generation of the identified active species. As mentioned above, the loading 

amount of Au NPs played an important role in the photocatalytic activity of Bi2WO6. Therefore, it was 

critical to investigate whether the amount of Au loading had similar effects on the photogeneration of active 
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species. The effects of Au loading on the enhancement of photoholes, superoxide radicals, and 

photoelectrons were depicted in Fig. 9. A similar dependence on Au loading was observed for superoxide 

radicals and photoelectrons. An initial increase in the ESR signal intensity was noted for Au/Bi2WO6 

nanocomposites with weight ratio of Au up to 1.0%. Diminishing ESR signal intensities were observed for 

nanocomposites having a higher weight ratio of Au. For CPH, which was used to determine 

photo-oxidative behavior caused by holes, a different trend was noticed. As indicated in Fig. 9, the ESR 

signal of CP· increased initially with increasing Au weight ratio up to 2.0%. Importantly, it is of interest to 

note that the ESR signal obtained for CPH and the photocatalytic activity of alcohol oxidation had a similar 

dependence on the amounts of Au loading. This correlation implied a mechanistic connection between the 

photogeneration of holes and the photocatalytic performance. The results also demonstrated that 

photogenerated holes, rather than superoxide radicals and photoelectrons, played more dominant role in the 

selective oxidation of benzylic alcohols by Au/Bi2WO6, consistent with the results of active species 

trapping experiments. 
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Fig. 9 Effect of Au loading amount on the enhancement of photoinduced generation of photoholes, 

superoxide radicals, and photoelectrons. 

 

3.4. Photocatalytic reduction of Cr(VI) 

Carcinogenic Cr(VI) ion is a common byproduct in industries of electroplating, tanning, and dying. The 

effective removal of toxic Cr(VI) ions would benefit the environment remediation, but very limited 

methods have been developed to eliminate such toxic ions at the current time. The significant enhancement 

of photocatalytic activity resulted from the loading Au NPs on Bi2WO6 nanosheets can also be verified by 
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photocatalytic reduction of toxic heavy metal ions Cr(VI). Fig. 10 represented the normalized concentration 

(C/C0) of Cr(VI) calculated at different time interval. Obviously, Au/Bi2WO6 nanocomposites and blank 

Bi2WO6 were visible light photoactive for the reduction of Cr(VI) in water. Similar to the case of selective 

oxidation of alcohols, a proper loading of Au NPs can effectively promote the reduction process in 

comparison with blank Bi2WO6, but excessive Au loading (>1.0 wt%) in the nanocomposites resulted in a 

distinct decrease in the photoactivity due to the decreased amount of primary photoactive ingredient 

Bi2WO6 and the lower light intensity through the depth of reaction solution. Interestingly, the generation of 

photoelectrons determined by using TEMPO as ESR spin label and the photocatalytic activity of Cr(VI) 

reduction had a similar variation tendency with the amounts of Au loading. The results suggested that the 

generation and activity of photogenerated electrons in 1.0% Au/Bi2WO6 would be more efficient than other 

Au/Bi2WO6 nanocomposites, which contributed to improving the photocatalytic activity of Cr(VI) 

reduction. Additionally, the stability and recyclability of photocatalysts are extremely important for 

practical applications. The cycling runs for the photo-reduction of Cr(VI) with the optimal nanocomposites 

1.0% Au/Bi2WO6 were performed to evaluate its photocatalytic stability and recyclability. Fig. 11 

illustrated the relationship between removal ratio of Cr(VI) and cycle times. After reusing five cycles, the 

photo-reduction rate of Cr(VI) still remains over 85%. In addition, XRD patterns of 1.0% Au/Bi2WO6 

sample before and after reaction, as shown in Fig. S4 of ESI, distinctly revealed that the hybrid 

nanostructures of Au/Bi2WO6 were stable in the present experimental conditions. 
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Fig. 10 Photocatalytic reduction of Cr(VI) in the blank Bi2WO6 and various Au/Bi2WO6 nanocomposite 

aqueous dispersions under visible light irradiation.  
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Fig. 11 Cycling runs for the photocatalytic reduction of Cr(VI) over 1.0% Au/Bi2WO6 hybrid nanostructure 

under visible light irradiation.  

 

The above deduction was further authenticated by the photoelectrochemical characterizations, which are 

widely used to determine the formation and transfer of photogenerated electrons from semiconductor under 

light illumination. As shown in Fig. 12A, the deposition of Au NPs generated the significant enhanced 

photocurrent under visible light irradiation, and more Au NPs were deleterious to the transient photocurrent. 

It is important to note that 1.0% Au/Bi2WO6 exhibited a larger photocurrent than bare Bi2WO6 and 2.0% 

Au/Bi2WO6, in line with the photocatalytic reduction of Cr(VI). The obvious increase in the transient 

photocurrent was mainly due to two aspects: i) the predominant plasmonic effect that increased the 

formation rate of electron-hole pairs over Bi2WO6; ii) the formation of Schottky barriers among 

Bi2WO6-Au-ITO glass, which led to the accelerated transfer of photogenerated electrons from Bi2WO6 to 

Au, and finally to ITO. We subsequently utilized the electrochemical impedance spectra (EIS) experiments 

to investigate the electron generation and the charge transport characteristics of bare Bi2WO6 and 1.0% 

Au/Bi2WO6. Generally, the interface charge separation efficiency can be examined by the EIS Nyquist plots. 

Fig. 12B showed the EIS Nyquist plots of Bi2WO6 and 1.0% Au/Bi2WO6 electrodes under dark and visible 

light irradiation. The smaller diameter of the arc radius on the EIS Nyquist plot of 1.0% Au/Bi2WO6 

compared to that of Bi2WO6 under visible light irradiation revealed more effective separation of 

photogenerated electron-hole pairs and faster interfacial charge transfer induced by Au loading (Fig.12B), 
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which contributed to higher photo-activity of Cr(VI) reduction.  
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Fig. 12 (A) Transient photocurrent response of bare Bi2WO6 (a), 0.5% Au/Bi2WO6 (b), 1.0% Au/Bi2WO6 

(c), and 2.0% Au/Bi2WO6 (d) nanocomposites under visible light irradiation; (B) EIS Nyquist plots of 

Bi2WO6 and 1.0% Au/Bi2WO6 nanocomposites in the dark and under visible light illumination in 0.5M 

Na2SO4 aqueous solution. 

 

To further reveal the roles of loaded Au NPs for Cr(VI) reduction, the dependence of Cr(VI) removal on 

light wavelength range was investigated over 1.0% Au/Bi2WO6 nanocomposites and the results were 

presented in Fig. S5 of ESI. Clearly, a similar dependence on the light wavelength range was observed for 
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both alcohol oxidation and Cr(VI) reduction (Fig. 6B and Fig. S5). The results suggest that there is no 

direct relationship between the SPR intensity and the photocatalytic activity, which leads to a hypothesis 

that only plasmonic absorption is unable to create “chemically useful” energetic charge carriers in the 

Au/Bi2WO6 hybrid nanostructures for both selective oxidation of alcohols and photocatalytic reduction of 

Cr(VI).  

According to the references, the Fermi level of Au NPs positions at ca. +0.45 V vs NHE.
53

 Under the 

irradiation of 580 nm visible light (hv~2.15 eV), the SPR of Au NPs will be induced. Thus, the energy 

position of the SPR state for the Au NPs is about -1.70 eV vs NHE. Therefore, the excited energetic 

electrons in the SPR state can be injected into the conduction band of Bi2WO6 and the transfer process of 

energetic plasmonic electron is feasible thermodynamically. However, based on the dependence of the 

photocatalytic activity on the light wavelength for both alcohol oxidation and Cr(VI) reduction (Fig. 6B 

and Fig. S5), the enhancing effect by deposition Au NPs should be limited by simply SPR-mediated 

electron injection. A pivotal contributor, localized electromagnetic field formed by the SPR of loaded Au 

NPs, can’t be ignored for the significantly improved photocatalytic performance in the present system 

(Scheme I). It has already proved to be able to increase the formation rate of electron-hole pairs of the 

semiconductor by a few orders of magnitude.
10,54

 On the other hand, considering the lower Fermi level of 

Au NPs (+0.45 V vs NHE) with respect to the conduction band of Bi2WO6 (-0.30 V vs NHE), the 

photogenerated electrons in the conduction band of Bi2WO6 can be readily transferred to Au NPs, which 

could effectively separate the photogenerated carriers and finally result in the enhancement of 

photocatalytic activity.  
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Scheme I Schematic diagram showing the photocatalytic process for the selective oxidation of benzylic 
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alcohol and reduction of Cr(VI) on the Au/Bi2WO6 nanocomposites.  

 

4. Conclusions 

In summary, we have reported that Au/Bi2WO6 hybrid nanostructures, fabricated via a simple 

hydrothermal approach combined with a rapid reduction-deposition method, can serve as visible-light 

selective photocatalysts in the green solvent water. Deposition Au NPs onto Bi2WO6 can greatly improve 

the photocatalytic performance of Bi2WO6 for both selective alcohol oxidation and Cr(VI) reduction. The 

optimal hybrid nanostructures for benzyl alcohol oxidation and Cr(VI) reduction were determined to be 2.0 

wt% and 1.0 wt% Au/Bi2WO6 under visible light irradiation, respectively. To investigate the enhanced 

mechanism of loading Au, ESR with spin trapping and spin labeling, photocurrent, and EIS measurements 

were carried out to determine the photoinduced generation of active radicals, electron/hole pairs, and 

transport characteristics of photoelectrons for bare Bi2WO6 and Au/Bi2WO6. It was found that Au/Bi2WO6 

exhibited the enhanced generation of reactive radicals and charge carriers when excited with visible light. 

Additionally, the enhanced generation of charge carriers and photocatalytic performance of alcohol 

oxidation or Cr(VI) reduction over Au/Bi2WO6 hybrid nanostructures showed a distinctive Au/Bi2WO6 

ratio dependence. This enhancement effect may be attributed to the increase in the formation rate of 

electron-hole pairs of Bi2WO6 induced by SPR of Au NPs and higher efficiency of electron transfer due to 

the energy barrier between the conduction band of Bi2WO6 and Fermi energy of Au NPs. It is hoped that 

this work provides an effective way to improve the photocatalytic activity of semiconductors by 

incorporation of metal NPs with SPR effect, especially in the field of selective redox processes in water 

under the framework of green chemistry. 
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