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Ring-shaped Bi2WO6@CeO2 hybrid nanoparticle aggregates are fabricated through an 

environmental route and subsequent facile calcinations method.The intrinsic hollow ring 

nature as well as the p-n junction effect of the unique nanostructures contributes greatly to the 

enhanced performance for photocatalytic detoxification of cyanide. 
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Ring-shaped Bi2WO6@CeO2 hybrid nanoparticle aggregates are fabricated through an 

environmental route and subsequent facile calcinations method. The synthetic parameters are 

regulated to control the shape of the as-prepared samples. The concentration of cyanide ion 

decreased sharply from the initial 4.72 mM to 0.95 mM with the exposure time in 60 min. The 

intrinsic ring-shaped microstructure makes multiple reflections of light within the chamber, 

allowing more efficient use of the light source compared with solid structure. The p-n junction 

effect can lead to enhanced charge separation and interfacial charge transfer efficiency due to 

the existence of an internal electric field. Therefore, it exhibits a remarkable photocatalytic 

detoxification of cyanide and degradation of dye under visible light. 

 

Introduction 

The highly toxic cyanides are present in effluent waters of 

several industries especially in chemical and mineral processing 

industry. Therefore, cyanide must be destroyed or removed 

from wastewater prior to discharge.1-3 The normal treatment 

processes of cyanides are: alkaline chlorination, wet air 

oxidation, electrolytic oxidation, ozonation, and ion 

exchange, of which the alkaline chlorination is the best 

available proven technique.
4-6

 However, it results in 

formation of highly toxic cyanogen chloride gas. Many efforts 

show that semiconductor photocatalysis can utilize solar energy 

for photocatalytic oxidation of cyanide, such as TiO2 and ZnO 

materials.7-11 Unfortunately, the wide band gap of these 

materials limits its light absorption only to the UV-light range 

and thus most investigations are focused on photocatalytic 

cyanide oxidation with ultraviolet (UV) light of wavelengths of 

300-400 nm, while reports on visible light photocatalytic 

mineralization of cyanide are quite few. The difficulty can be 

attributed to such reasons. The process must be stable in a 

highly alkaline basic medium with the value of pH ca. over 9.3 

to avoid volatilization of free CN-1. The carbon in the CN-1 is 

more strongly bound to nitrogen than with atoms in dye 

molecules. The adsorption of the CN-1 on the photocatalytic 

surface becomes more difficulty with the increase of negative 

charge. So, photocatalytic removal of cyanide under visible 

light is still a great challenge. To solve these problems, 

designing and developing advanced hybird micro/nano-

structure materials with a heterojunction interface between two 

types of semiconductor with matching band potentials have 

attracted considerable interest in both fundamental research and 

practical applications due to an improvement of charge 

separation, an increase in the lifetime of the charge carrier, and 

an enhancement of the interfacial charge transfer efficiency to 

adsorbed substrate.12-15 For instance, Bi2O3-Bi2WO6 

microspheres show improved photocatalytic performance.16 

Ni@SiO2 nanoreactor catalysts exhibit a high temperature 

stability and recyclability17.Teng and co-workers obtained 

Mn3O4-Co3O4 hollow spheres, which have a higher catalytic 

activity for CO oxidation than single Co3O4 ones.18 Our 

previous prepared yolk-shell Ag@TiO2, MoO3-SnO2 and 

Pd@CeO2 materials exhibit enhanced catalytic, photocatalytic 

and energy storage properties.19-21 Ce-doped ZnO nanoparticles 

can be used for photocatalytic detoxification of cyanide.22 

Furthermore, controlling crystal phase, particle size, 

crystallinity, morphology of semiconductors can effectively 

enhance their photocatalytic performance, and thus it is another 

important approach to enhance the photocatalytic active. 

Among the common factors, morphology is regarded as one of 

the important factors. For example, hollow spheres, nanowires, 

nanotubes, and nanosheets have been proven to present better 

photocatalytic performance.23-27 Especially, the ring structures 

at the nano/micro-scale are attracting fast growing interest 

because they can be used to find new applications owing to 

their specific geometry and strain-free mechanical properties 

resulting in structural flexibility.28–32 Up to now, the common 

synthetic strategy for the fabrication of those structures with 

complex interiors employs sacrificial templates, such as 

polymer33, silica34, carbon inorganic spheres35 and ionic 

liquids36. However, templating methods for constructing 

complex nanostructures are usually time consuming and costly 

because of the need for the synthesis of the templates and the 

multi-step templating process, and thus it is highly desirable to 

develop facile, scalable approaches for the rational synthesis of 

ring-shaped structures with designed interior structures. 

Therefore, a general approach to rationally fabricate ring-

shaped hybrid structural nano/micro-materials for 
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detoxification of cyanide is still lacking and it is desirable to 

obtain the materials through more facile, economic and 

environment-friendly process. Besides, an advantage for 

chemists is to elaborate possible new constructions from all 

chemical components without any time-restricted conditions. 

Herein, we chose coupled Bi2WO6@CeO2 to demonstrate 

our concept and propose a facile generic strategy to prepare 

ring-shaped Bi2WO6@CeO2 nanoparticle aggregates with a 

high purity, high surface areas, and enhanced photocatalytic 

activity on detoxification of cyanide as illustrated in Scheme 1. 

The alcoholysis of Ce3+ and Bi3+ leads to Bi2WO6@CeO2 layer 

with nanometer precision. At the same time, carbonization of 

sucrose occurs and then microspheres of carbon-

Bi2WO6@CeO2 composites will form in situ during the course 

of solvothermal alcoholysis, which is typically completed in 24 

h. And then calcinations of the as-prepared Bi2WO6@CeO2 

composites resulted in ring-shaped hybrid nanoparticle 

aggregates. Compared with conventional template-assisted 

methods produced CeO2-based materials, ring-shaped 

Bi2WO6@CeO2 hybrid nanoparticle aggregates prepared as 

such have relatively lower density, higher surface area and 

more stable hollow configuration without the destructive effect 

of template removal on product morphology. The p-n junction 

effect can lead to enhanced charge separation and interfacial 

charge transfer efficiency due to the existence of an internal 

electric field. Moreover, the ring-shaped structure can make a 

more efficient use of the light source via multiple reflections 

within the interior cavity. To our best knowledge, the 

fabrication of ring-shaped Bi2WO6@CeO2 hybrid nanoparticle 

aggregates, which make an effective p-n junction between p-

type CeO2 and n-type Bi2WO6, has never been reported 

previously. Hence, a higher degree of metal utilization as 

enhanced detoxification of cyanide and degradation of dye 

under visible light can be expected. Additionally, this route is 

environmentally friendly, mass-productive and low cost.  

 

 

Scheme 1. Representative illustration of cage-bell CeO2 nanoparticle 
aggregates synthesis by solvothermal alcoholysis synthesis. 

Experimental 

Synthesis of ring-shaped Bi2WO6@CeO2 hybrid 

nanoparticle aggregates 

Glacial acetic acid, ethyl alcohol, sucrose, Bi(NO3)3·6H2O, 

Ce(NO3)3·5H2O, and Na2WO6 were acted as raw reagents 

without further purification. Water used was purified using an 

Ulu-pure system (Shanghai, China). In a typical procedure, 

sucrose (2.0 g) was dissolved in a mixture of glacial acetic 

acid(18 ml), ethyl alcohol (18 ml) and water (54 ml) and stirred 

for 20 min. Ce(NO3)3·5H2O (1.78 g), Bi(NO3)3·6H2O (2.93 g) 

and Na2WO4·2H2O (1.0 g) were added to the above solution 

with continuous stirring to form a homogeneous solution, 

which was then transferred to a 200 ml Teflon-lined stainless 

steel autoclave. After heating in an electrical oven at 160 ℃ for 

a period of 24 h, the autoclave was cooled down naturally to 

room temperature. The obtained precipitate was separated by 

centrifuge and rinsed several times using distilled water and 

acetone. Finally the product was dried under vacuum at room 

temperature overnight. Calcinations were conducted in an 

electrical furnace in air at 450 ℃ for 4 h to remove the carbon, 

and then the products were obtained. 

Characterization  

X-ray diffraction (XRD) was carried out to identity the phase 

composition of synthesized samples over the 2θ range from 20° 

to 90° using a Rigaku D/max-A diffractometer with Co Kα 

radiation. A Fourier transform infrared spectroscope (FTIR, 

Themo Nicolet 670FT-IR) was used for recording the FTIR 

spectra of the sample ranged from 400 to 4000 cm−1. 

Morphologies of the synthesized samples were observed with a 

AMRAY 1000B scanning electron microscope (SEM), and the 

microstructural characteristics of samples were observed by 

high-resolution transmission electron microscope (HR-TEM, 

JEOL JEM-2100) working at 200 kV accelerating voltage and 

the lattice structure was identified by selected area electron 

diffraction (SAED) technique. Nitrogen adsorption-desorption 

measurements were conducted at 77 K on a Micromeritics 

Tristar apparatus. Specific surface areas were determined 

following the Brunauer-Emmet-Teller analysis. 

Photocatalytic properties study  
Photocatalytic activities were investigated using 300W Xe lamp 

with a 420 nm cutoff filter as the visible light sources. The 

photodegradation experiments were conducted by using a 

cylindrical quartz reactor with water circulation facility. For 

detoxification of cyanide, solutions of cyanide of the needed 

concentration at pH 12.5 were prepared fresh. The volume of 

the reaction solution was kept as 50 mL for visible light 

photocatalysis. Air was bubbled through the reaction solution to 

keep the suspended particles under continuous motion. The 

dissolved oxygen was determined using a luminescent optical 

dissolved dxygen analyzer GE-135. The cyanide ion was 

estimated argentometrically using p-dimethylaminobenzylidene 

rhodamine as the indicator. Cyanate was analyzed 

spectrophoto-metrically as previous reported. For the dye 

degradation experiment, photocatalytic degradation of dye were 

investigated by degradation of RhB and MO with an initial 

concentration of 10 mg·L-1 in aqueous solution. In each test, the 

catalyst (0.05 g) was added to 100 ml of RhB solution (10 

mg·L-1) or 100 mL of MO solution (10 mg·L-1), respectively. 

Prior to irradiation, the suspension was magnetically stirred in 

the dark for 30 min to ensure the establishment of an 

adsorption-desorption equilibrium of the dye on the 

photocatalyst. Next, the solution was illuminated during 30 min. 

Every 5 min, 4 mL aliquots were taken and centrifuged to 

remove the particles. The filtrates were analyzed by UV-Vis 

spectrometer (400-800 nm) using Ocean Optics HR4000 high-

resolution spectrometer. 

Results and discussion 

Structure and morphology of ring-shaped Bi2WO6@CeO2 

hybrid nanoparticle aggregates 

The XRD patterns of the synthesized, ring-shaped Bi2WO6@CeO2 

hybrid nanoparticle aggregates and its precursor, shown in Fig. 1a, 

Page 3 of 7 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

declare the product after calcinations at 450 ℃  exhibits higher 

crystallinity than that of precursor. The synthesized samples display 

composite materials corresponding to cubic fluorite-type CeO2 

(JCPDS card No. 81-0792) and orthorhombic Bi2WO6 (JCPDS card 

No. 39-0256). Detailed analysis of the peak broadening of the (1 3 1) 

reflection using the Scherrer equation indicates an average crystallite 

size c.a. 8 nm, suggesting the particles are composed of nanocrystal 

subunits. The FTIR spectrum images of the prepared sample and that 

of the precursor are shown in Fig. 1b. The broad absorption peak 

centered at ca. 3402 is associated with the asymmetric and 

symmetric stretching vibrations of the -OH group of absorbed water 

molecules and the surface hydroxyls of the samples. For the 

precursor, the weak peaks from 1537 to 1391 cm−1 originated from 

the residual carbon species. These peaks disappeared in the spectrum 

of synthesized final samples, indicating these organic groups have 

decomposed after calcinations. The strongest broad peaks in the 

range of 400-1100 cm−1 are contributed from the metal-O37. The 

peak intensity is different from that of precursor, implying the 

structure of prepared sample has a little discrepancy with its 

precursor. 

 

          

 

 

Fig. 1 (a) XRD pattern and FTIR spectra (b) of Bi2WO6@CeO2 

hybrid micro-rings and its precursor corresponding to curve a and b, 

respectively. 

SEM images of the hybridl microrings of Bi2WO6@CeO2 yielded 

by calcinations at 450 ℃  are shown as Fig. 2a and b. Fig. 2a 

illuminates the as-synthesized samples are uniform ring shape, with 

an average size of ca. 2µm. It can be clearly noticed that the obtained 

Bi2WO6@CeO2 powder is not a solid ball but a hollow loose 

microstructure characteristic according to Fig. 2b, and it is 

interesting to find that the microring is made up from nanosheets. 

The unique ring morphology of Bi2WO6@CeO2 hybrid nanoparticle 

aggregates is also characterized by TEM and HR-TEM, as illustrated 

in Fig. 2c-e. Fig. 2c shows the resulting Bi2WO6@CeO2mesospheres 

are visible hollow ring shape obviously, which is consistent with the 

SEM analysis. This structure is almost the same as the expected 

model shown in Scheme 1. Fig. 2d confirms that the relatively large 

microring is aggregates of thin nanosheets. Moreover, orthorhombic 

Bi2WO6 nanoparticles with a size of 5−8 nm are found to be doped 

in the nanosheet according to the HRTEM image (Fig. 2e). The 

detected lattice spacing (0.236 nm) agrees with Bi2WO6 (1 1 1) plane 

spacing. The selected area electron diffraction (SAED) pattern is 

displayed in Fig. 2f, which clearly reveal the presence of cubic 

fluorite-type CeO2 and orthorhombic Bi2WO6. The (2 2 0) and (3 1 1)  

planes of cubic CeO2, and (1 3 1) and (2 0 0) planes of orthorhombic 

Bi2WO6 are seen through their interplanner spacing. These results 

are in total agreement with the observed XRD analysis. The unique 

p-n ring-shaped Bi2WO6@CeO2 hybrid structure is expected to be 

favorable for enhanced catalytic activity for detoxification of 

cyanide. 

   

 

 

 

 

 

 

 

  

 

 

Fig. 2 SEM (a, b), TEM (c, d) images, HRTEM micrographs (e), and 

selected area electron diffraction (f) of as-synthesized 

Bi2WO6@CeO2 hybrid microrings, which is yielded by solvothermal 

alcoholysis at 160 ℃ for 24 h in 90 ml mixed solventwith proportion 

of 1: 1: 3 (V%) of glacial acetic acid, ethyl alcohol and water, and 

subsequent calcinations in air at 450 ℃. 

The N2 adsorption/desorption isotherms and the pore size 

distribution of the obtained Bi2WO6@CeO2 hybrid micro-rings is 

shown as Fig. 3a. The isotherm is identified as type IV, which is the 

characteristic isotherm of mesoporous materials. The BET surface 

area of the sample is 92.35 m2g-1. The room temperature UV-vis 

absorption spectrum of the resulting sample is shown in Fig. 3b, 

which exhibits a wide visible-light absorption in the range of 

400−700 nm. 
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Fig. 3 Nitrogen adsorption/desorption isotherm (a) and UV-Vis 

diffuse reflectance spectrum (b) of Bi2WO6-CeO2 hybrid micro-

rings. 

Synthesis of cage-bell Bi2WO6@CeO2 hybrid micro-rings with 

controlled morphologies 

The formation mechanism is tracked to investigate according to 

Fig.4, which  are SEM images of solvothermal reaction for 24 h at 

160 ℃ for mixed solvent with different proportions of glacial acetic 

acid (GAA), ethyl alcohol (EA), and water (W) after calcination at 

450 ℃  for 4 h. In solvothermal alcoholysis-hydrolysis process, 

accompanying the simultaneous reactions (hydrolysis of Bi3+ and 

Ce3+, and carbonization of sucrose) occurring, Ostwald ripening 

process is promoted by the little water added in the solvothermal 

process. To confirm the component of the resulting carbon/ 

Bi2WO6@CeO2 hybrid micro-rings composite in deeply, composites 

of HNO3 and H2O2 were hired to remove the Bi2WO6@CeO2 and 

gave rise to carbon according to XRD (Fig. S1†) and SEM (Fig. S2†), 

which confirms the amorphous carbon is well-proportioned loaded 

with Bi2WO6@CeO2 nanoparticles. So the ring structure 

nanoparticle forms uniformly. Based on such analysis, hydrolysis of 

Bi3+ and Ce3+ and carbonization of organics occurred at the same 

time. It is found that only solid Bi2WO6@CeO2 nano aggregates 

exist in solvent systems (GAA: EA: W = 1: 1: 0, Fig. 4a), which is 

considered as no water exist, so the rate of hydrolysis of Bi3+ and 

Ce3+ is not as fast as that of carbonization of sucrose, and thus the 

produced amorphous carbon is not loaded but surrounded on the 

Bi2WO6@CeO2 nanoparticles. Therefore, the product is solid 

structure after calcinations. When the H2O content in the mixed 

solvent is increased, the rate of hydrolysis of Bi3+ and Ce3+ quickens 

and part hydrolysis products load on the produced amorphous carbon 

template and grow vigorously. Consequently, the surface of sample 

changes coarsely as Fig. 4b and c. Further enhanced the content of 

water, the interior of the sphere changed empty gradually such as Fig. 

4d (GAA: EA: W = 1: 1: 2.5) and 4e (GAA: EA: W = 1: 1: 4). 

Finally, the hollow ring structure is broken wholly and shows 

flower-like morphology (Fig. 4f, GAA: EA: W = 1: 1: 8). According 

to above experiments, it can be speculated that the formation of the 

hollow ring-shaped Bi2WO6@CeO2 hybrid nanoparticle aggregates 

goes through the formation of solid core and the transformation of 

the solid spheres coarse surface to hollow ring-shaped ones is based 

on the Ostwald ripening process. 

   

  

 

 

 

 

 

 
Fig. 4 SEM images of solvothermal reaction at 160 ℃ for mixed 

solvent (90 ml) with different proportions (V%) of glacial acetic acid 

(GAA), ethyl alcohol (EA), and water (W) after calcination at 450 ℃ 

for 4 h. (a) GAA: EA: W = 1: 1: 0, (b) GAA: EA: W = 1: 1: 0.5, (c) 

GAA: EA: W = 1: 1: 1, (c) GAA: EA: W = 1: 1: 2, (d) GAA: EA: W 

= 1: 1: 2.5, (e) GAA: EA: W = 1: 1: 4, (f) GAA: EA: W = 1: 1: 8. 

 

Catalytic activity 

Photocatalytic detoxification of cyanide. 

Cyanide ion is not degraded under illumination in the absence of 

photocatalyst, nor in the dark in the presence of the photocatalyst. 

The time profiles of cyanide oxidation catalyzed by Bi2WO6@CeO2 

hybrid materials under visible light are shown as Fig.5a, implying a 

steady and continuous degradation of the cyanide ion. The 

concentration of cyanide ion decreased sharply from the initial 4.72 

mM to 0.95 mM with the exposure time in 60 min. However, the 

commercial CeO2 and Bi2WO6 have not significant effect. The large 

surface area renders the Bi2WO6@CeO2 hybrid materials a high 

activity. The ring-shaped structure of Bi2WO6@CeO2 hybrid 

materials makes multiple reflections of light within the chamber, 

allowing more efficient use of the light source. Moreover, the p-n 

junction effect can lead to enhanced charge separation and interfacial 

charge transfer efficiency. All the factors contribute greatly to the 

improved visible light catalytic activity. Compared with the other 
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reports 7-11, 25, 38, 39, our strategy provides a novel route to prepare 

ring-shaped hybrid materials with higher effeciency for 

photocatalytic detoxification of cyanide. 

Photocatalytic degradation of dye 

Photocatalytic activity is also investigated by degradation of MO and 

RhB, and photodecomposition results are shown in Fig. 5b and c. 

The difference of spectrum between the original solution and after 

stirred in the dark for 20 min should be attributed to adsorption-

desorption equilibrium between the photocatalyst and organic dyes. 

It can be noted a continual fading of the coloration of both RhB and 

MO solutions as a function of reaction time in the presence of the 

samples, implying a steady and continuous degradation of the 

organic dyes. Fig. 3b reveals a gradual decrease of MO aqueous 

absorption at the wavelength of 464 nm. Surprisingly, the color of 

the supernatant changes from yellow to colorless observed by the 

naked eye after visible light irradiation for 25 min. The 

concentration of MO decreased sharply with the exposure time, and 

over 97.5% of MO is degraded within 30 min, showing significant 

efficiency in the photodecomposition of MO.  The main absorption 

peak of RhB completely disappears after 25 min irradiation 

according to Fig. 5c. The photocatalytic conversion of RhB 

degradation is up to 99.8% after 30 min of irradiation. At last, no 

new absorption bands are found in both the ultraviolet and visible 

regions, indicating the complete photodegradation of RhB. 

Compared with most reported Bi2WO6
40-43 and CeO2

44-47 based 

composites used for photocatalytic activity MO and RhB under 

visible light, our prepared ring-shaped Bi2WO6@CeO2 hybrid 

nanoparticle aggregates exhibit higher photocatalytic activity. 

 

 

 

 

Fig. 5 Photodecomposition results: (a) comparison of detoxification 

of cyanide in the presence of commercial Bi2WO6 and CeO2. pH = 

12.5, catalyst loading = 0.02 g, airflow rate = 8.5 mL s-1, [O2]dissolved 

= 28.8 ppm. The absorption spectrum of dissolved MO (b) and RhB 

(c) in the presence of Bi2WO6@CeO2 samples (0.05 g).  

Conclusions 

Ring-shaped structure of Bi2WO6@CeO2 hybrid nanoparticle 

aggregates are successfully synthesized by a facile and 

environmentally benign procedure combining with solvothermal 

alcoholysis synthesis and subsequent calcinations. It exhibits a 

remarkable activity for photocatalytic detoxification of cyanide and 

degradation of dye. This strategy is simple, cheap and mass-

productive, which may shed light on a new avenue for large-scale 

synthesis of ring-shaped structural nano/micro functional hybrid 

materials for catalyst, energy and other applications. 
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