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Abstract: Novel visible-light-induced Zn-doped BiOBr hierarchical nanostructures were 

successfully prepared by solvothermal methods. The photocatalytic activity of the as-synthesized 

samples was evaluated using RhB as target pollutant. The Zn-doped BiOBr hierarchical 

nanostructures exhibited significantly enhanced visible light-induced photocatalytic efficiency for 

the degradation of RhB compared with pure BiOBr. The Zn-doped BiOBr with RZn=0.1 (RZn 

defined as the atomic ratio of Zn to Bi) showed the highest photocatalytic activity with 

decolorization efficiency almost 100% after 15 min. The enhanced photocatalytic ability could be 

attributed to the efficient separation of photogenerated electron–hole pairs. Moreover, the role of 

the active species is also evaluated by adding different scavengers during the photodegradation of 

RhB. A possible mechanism of the enhancement of visible light performance on Zn-doped BiOBr 

photocatalysts was also proposed on basis of the experimental results.  

Keywords: A. nanostructures, B. solvothermal, C. electron microscopy, D. catalytic properties 

 

1. Introduction 

Effluents containing large amounts of dyes are important sources of water pollution, because 

colored dye in wastewater can threat the aquatic life and endanger human health. Therefore, 

people have been taking action to treat dye wastewaters [1]. Heterogeneous photocatalysis have 

aroused extensive interest due to their applications in decomposing organic dye for environmental 
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remediation [2]. Among the diverse photocatalysts, TiO2 is the famous one due to its high activity, 

low price, nontoxicit and long-term stability [3, 4]. However, it can only be activated by the 

ultraviolet light, which comprises less than 5% of the solar spectrum [5]. Considering visible light 

accounts for 43% energy in solar spectrum, intensive efforts have been made to develop efficient 

visible-light-driven photocatalysts, such as inorganic bismuth compounds (BiVO4[6], 

Bi2WO6[7,8], Bi2MoO6[9], BiFeO3[10], BiOX (X=Cl, Br, I)[11], BiFeO3[12]).  

   Bismuth oxyhalides (BiOBr) are V–VI–VII ternary compounds with tetragonal matlockite 

structure. Over the past few years, they have been investigated because of their unique visible 

light photocatalytic performance in degradation of organic contaminants. Various BiOBr structures 

such as microspheres [13], nanobelts [14], microflowers [15], nanoplates [16] have been prepared, 

and these BiOBr with various morphologies and dimensionalities present high photocatalytic 

activity. However, the photocatalytic activity of BiOBr is still cannot meet the requirements of 

practical application and it is necessary to find new approaches to improve their photocatalytic 

efficiency. Therefore, numerous techniques have been adopted to enhance their photocatalytic 

efficiency, such as ion doping [17] and coupling with other semiconductors [18]. Many BiOBr 

composite photocatalysts (BiOBr-g-C3N4 [19], Cd-BiOBr [20], BiOBr-Graphene [21], 

BiOI-BiOBr [22], BiOCl-BiOBr [23], AgBr–BiOBr [24], BiOBr–ZnFe2O4 [25], BiOBr–TiO2 [26] 

and BiOCl/Bi2MoO6 [27]) were prepared and all of which showed enhanced photocatalytic 

efficiencies. However, there are few reports on investigating the doping of nonmetal elements and 

transition metal elements in BiOBr. Moreover, the transition metal elements have many valences 

and the trace transition metal ions doped in the BiOBr matrix may be potential trap of 

photogenerated electron–hole pairs, then prolong the lifetime of electrons and holes and 

consequently increase the photocatalytic activity. Recently, a novel and efficient 

visible-light-induced BiOBr photocatalyst with Ti doping and Ag decorating was successfully 

obtained [28]. The Ti-doped BiOBr photocatalysts displayed higher activity for the degradation of 

RhB under visible light irradiation [29]. Fe-doped BiOBr hollow microspheres also exhibited 

excellent photocatalytic activity [30]. However, to the best of our knowledge, there are no studies 

on synthesis and photocatalytic performance of Zn-doped BiOBr photocatalyst.  

In this paper, visible light-activated Zn-doped BiOBr hierarchical nanostructures were 

successfully synthesized by a facile and rapid solvothermal method. The photocatalytic efficiency 
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of the Zn-doped BiOBr was evaluated by decolorizing RhB under visible light irradiation. 

Moreover, the effect of Zinc doping on the structure and photocatalytic activity of BiOBr catalyst 

was also studied in detail. The photocatalytic activity of Zn-doped BiOBr was greatly enhanced as 

compared to pure BiOBr. The enhancement of photocatalytic activity on the Zn-doped BiOBr may 

be related to the doped Zn which could act as holes traps and consequently suppress the 

recombination of electrons and holes.  

2. Experimental section 

2.1 Synthesis of Zn-doped BiOBr hierarchical nanostructures 

All the chemicals were of analytical purity and used without further purification. In the 

typical preparation, 5mmol of Zn(NO3)2·6H2O and Bi(NO3)3·5H2O with a Zn/Bi molar ratio of 0, 

0.02, 0.06, 0.10 and 0.14 were dissolved in 20 mL ethylene glycol under magnetically stirring. 

5mmol of KBr were dissolved in 20 mL ethylene glycol, and then the resultant solution was added 

slowly to the above Bi(NO3)3 solution with vigorous stirring. Next, the suspension was transferred 

into a 50mL teflon-lined stainless steel, followed by a solvothermal treatment at 160 °C for 12 h. 

After cooling to room temperature naturally, the obtained precipitates were separated centrifugally 

and washed with deionized water and ethanol for several times, and the samples were dried at 

60 °C for 5 h. For convenience of description, the value of RZn is used to describe the atomic ratio 

of Zn to Bi and represents 0, 0.02, 0.06, 0.10 and 0.14 atomic ratios.   

2.2 Characterization 

The phase structures of the obtained samples were analyzed with a Thermo ARL SCINTAG 

X'TRA diffractometer using Cu Kα radiation (λ= 0.154056 nm), and recorded with 2θ ranging 

from 20–80°. The morphologies of the samples were investigated by a Hitachi S-4700 field 

emission scanning electron microscope (SEM, scanning voltages 15 kV) equipped with 

Energy-dispersive X-ray detector (EDS, Thermo Noran VANTAG-ESI) and Tecnai G2 F30 

transmission electron microscopy (TEM, accelerating voltage 200 kV). UV–vis diffuse reflectance 

spectra of the as-prepared products were analyzed on an UV-vis spectrophotometer (Lambda 850) 

using BaSO4 as the reference. The Brunauer–Emmett–Teller (BET) specific surface area was 

measured using a Micrometrics ASAP 2000 surface area analyzer. The photocurrents were 

measured using an electrochemical workstation (CHI-660C, China) with a standard 

three-electrode system, which employed ITO glass coated with the as-prepared samples (0.1 mg) 
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as the working electrode, a Pt wire as the counter electrode, and a saturated Ag/AgCl electrode as 

a reference electrode. A 300 W xenon lamp was utilized as light source. A 0.1 M Na2SO4 aqueous 

solution was used as electrolyte.  

2.3 Photocatalytic experiments 

    Photocatalytic activities of the Zn-doped BiOBr were evaluated by the photodegradation of 

Rhodamine B (RhB) in aqueous solution. The photocatalytic experiments were carried out under 

visible light irradiation with a 300W Xe lamp as light source and a 420 nm cutoff filter equipped 

to provide visible light. In every experiment, 0.1 g of the as-prepared photocatalyst was suspended 

in 200 mL RhB aqueous solution (C0=2×10
−5

mol/L) with constant stirring. Prior to irradiation, the 

suspensions were stirred for 1 h in dark to ensure the establishment of adsorption–desorption 

equilibrium between the catalyst and RhB. Subsequently, photocatalytic test was conducted with 5 

mL reacting solution sampled and then centrifuged to remove the photocatalysts at every 

irradiation time intervals. The change of RhB concentrations (C) was monitored by measuring the 

maximum absorbance at 553 nm for RhB using a UV759S UV-Vis spectrophotometer.  

3. Results and discussion 

3.1 Morphology and microstructure 

The microstructures, morphologies and particle sizes of pure BiOBr and Zn-doped BiOBr 

with different zinc contents were investigated by SEM and TEM. It can be seen from Figure 1a 

that pure BiOBr is comprised of many microspheres with the range from 2 to 10 µm in diameters. 

The SEM images of Zn-doped BiOBr with different zinc contents are shown in Figure 1b–e. It can 

be found that the morphologies of the Zn-doped BiOBr are similar with pure BiOBr. However, 

with the increase of Zn amount, it could be observed that much more Zn-doped BiOBr 

microspheres with an size ranging from 1 to 2 µm were obtained, indicating that the Zn-doping 

can partly reduce the particle size of the BiOBr microspheres which may act as the ihibitor for 

crystal growth in BiOBr preparation. Figure 1f shows the high magnification SEM image of 

Zn-doped BiOBr microspheres with RZn=0.1. Careful observation reveals that Zn-doped BiOBr 

microspheres are formed of many nanosheets stacked together. Therefore, the TEM image further 

confirms that as-prepared Zn-doped BiOBr microsphere is consisted of self-assembled nanosheets 

(Figure 1g). EDS experiment was used to further identify the element composition of Zn-doped 

BiOBr hierarchical nanostructures with RZn=0.1 and the results are shown in Figure 1h. The 
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obvious signals for Br, Bi and O elements were observed in the spectra together with a weak 

signal of zinc element.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 XRD analysis 

 

Figure 1. SEM images of the Zn-doped BiOBr samples with different RZn values. RZn values: (a) 0, (b) 0.02, (c) 

0.06, (d) 0.10, (e) 0.14, respectively. (f) A magnified SEM and (g) TEM of single Zn-doped BiOCl samples with 

RZn=0.10. (h) EDS of Zn-doped BiOBr with RZn=0.10. 
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3.2 XRD analysis 

 

 

 

 

 

 

 

 

 

 

 

Table 1. The cell parameters of BiOBr doped with different contents of zinc ions. 

 

 

 

 

 

 

 

 

 

 

Fig.2A shows the XRD patterns of the pure BiOBr and Zn-doped BiOBr with different zinc 

contents. It could be seen that all of the diffraction peaks of the as-prepared samples match well 

with the standard data of the tetragonal phase of BiOBr (JCPDS card no. 78-0348). No signal of 

any other diffraction peaks was observed for all samples, which indicated that the introducing of 

Zn-ions did not significantly change the crystal structure of BiOBr. Further observation of the 

(110) diffraction peaks in the range of 28-35° is shown in Fig.2B. The peak position of zinc doped 

BiOBr shifts slightly towards a higher 2θ value with an increase of the zinc concentrations. The 

Zn-doping concentrations 

the cell parameters 

a b c 

0 3.924 A° . 3.924 A° . 8.107 A° . 

0.02 3.917 A° . 3.917 A° . 8.107 A° . 

0.06 3.913 A° . 3.913A° . 8.105 A° . 

0.10 3.910A° . 3.910 A° . 8.104 A° . 

0.14 3.903 A° . 3.903 A° . 8.103 A° . 

Figure 2. (A) XRD diffraction patterns of the Zn-doped BiOBr samples with different RZn values. (B) 

Diffraction peak positions of the (110) plane in the range of 2θ = 28-35°.  
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other diffraction peaks show the similar results. It is known that the differences between the ionic 

radius can induce changes in the lattice parameters [31]. The cell parameters of Zn-doped BiOBr 

with different zinc contents are shown on Table 1. Because ionic radius of 0.074 nm for Zn
2+

 is 

smaller than that of 0.103 nm for the Bi
3+

, and the doped Zn
2+ 

may be incorporated into the BiOBr 

matrix by substituting for Bi
3+

 lattice sites, the attice parameters decreases with the increase of the 

Zn
2+

 concentration, and accordingly the observed the diffraction peak shift toward a higher angle. 

3.3 UV–vis DRS analysis 

The UV–vis diffuse reflectance spectroscopy (DRS) of pure BiOBr and Zn-doped BiOBr are 

shown in Fig. 3A. It can be seen that the pure BiOBr has an absorption edge at about 425 nm. 

However, the absorption edge of Zn-doped BiOBr has a little shift to a longer wavelength with the 

increase of zinc contents, suggesting that the absorption of visible light may be caused by the 

transition of impurity energy levels [32]. The band gap (Eg) of the pure BiOBr and Zn-doped 

BiOBr can be calculated by a classical formula [33]: 

A(hv-Eg) 
n/2

 =
 
ahv        (1) 

where A, h, v, a and Eg are a constant, Planck constant, light frequency, absorption coefficient, 

and band gap energy, respectively. Among them, n depends on the type of optical transition of a 

semiconductor (n = 1 for direct transition and n = 4 for indirect transition). For BiOBr, the value 

of n is 4 [34]. The band gaps of the pure BiOBr and Zn-doped BiOBr with RZn=0.1 were 

calculated to be 2.68 and 2.51 eV, respectively (Fig. 3B). 

  

 

 

 

 

 

 

 

 

 

 

Figure 3. (A) UV-vis diffuse reflectance spectra of the Zn-doped BiOBr samples with different RZn values, 

(B) plots of the (αhν)1/2 versus hν of Zn-doped BiOBr samples.  
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3.4 Photocatalytic activity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To study the photocatalytic activities of the samples, we investigated the photocatalytic 

degradation of RhB under visible light irradiation. Fig. 4A shows the decolorization efficiencies of 

RhB molecules by different photocatalysts, where C0 is the initial concentration after the 

adsorption equilibrium on the photocatalyst before irradiation and C is the concentration of RhB 

during the irradiation time. The blank test (without any photocatalysts) shows extremely low 

photodegradation ability on RhB, which could be almost ignored. Only about 57% of the RhB is 

decolorized by pure BiOBr after irradiation for 15 min. Comparing with the pure BiOBr, all the 

Zn-doped BiOBr exhibit higher photocatalytic efficiency, which indicated that zinc doping could 

effectively improve the photocatalytic performance of BiOBr. It can be found that the Zn-doped 

BiOBr with RZn=0.1 shows the highest photocatalytic activity with the decolorization efficiency 

arriving to nearly 100% after 15 min irradiation. The photocatalysis kinetics of the RhB 

Figure 4. (A) the photocatalytic activity of the Zn-doped BiOBr samples, (B) UV-vis spectral changes of the 

degredation of RhB dye by the Zn-doped BiOBr samples with RZn=0.10 catalyst. 
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degradation were found to fit a pseudo-first order model: ln(C/C0) = k, where k is the kinetic 

constant. The pseudo-first-order rate constants are calculated in Fig. 4B. As can be observed 

fromthe Zn-doped BiOBr microspheres the photocatalytic activities could be evidently enhanced 

with the increase of Zn
2+

 content at Zn-doping concentration lower than 0.10. However, when the 

Zn
2+

 concentration increased continually to RZn=0.14, the photocatalytic activities of Zn-doped 

BiOBr decreased obviously. This result suggested that photocatalytic ability of the samples was 

strongly dependent on the Zn-doping amount. Fig. 4C shows the time-dependent absorption 

spectra of RhB solution photocatalyzed by the Zn-doped BiOBr with RZn=0.1. It can be seen 

obviously that the color of the RhB solution changed from initially pink to colorless after 

irradiation for 15 min. The maximum absorption of RhB solution shifts from 553 to 532 nm. The 

shift can be attributed to the RhB photodegradation occurred via two competitive processes: 

N-demethylation and the destruction of the conjugated structure [35]. 

 

 

 

 

 

 

 

 

 

 

Besides the higher activity, the recyclability of the photocatalyst is also very important 

factors for its practical application. Therefore, the recycling degradation tests were applied to 

evaluate the stability of the Zn-doped BiOBr with RZn=0.1 (Fig. 5). After three recycles, the 

Zn-doped BiOBr catalyst had a little loss of efficiency due to the loss of catalyst during washing 

and recycling process, but still exhibited good photocatalytic activity. The TEM and XRD of 

Zn-doped BiOBr after photodegradation of RhB shows no changes in the morphologies and 

tetragonal phase of photocatalyst, indicating the catalyst possesses excellent stability and 

reusability. 

Figure 5. Repetitive test of the Zn-doped BiOBr samples with RZn=0.10 catalyst. 
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3.5 Discussion of degradation mechanism 

Photocatalytic performance was governed by some crucial factors, such as BET surface area, 

and separation efficiency of photogenerated electrons and holes. A large surface area is helpful to 

provide more photocatalytic reaction sites, which are favorable to the photocatalytic efficiency 

[36]. It can be seen from Table 2 that Zn-doped BiOBr have higher surface area than that of pure 

BiOBr, the specific surface area increases with the increase of the zinc content. However, the 

specific surface area of Zn-doped BiOBr with RZn=0.10 and 0.14 were not consistent with the 

photocatalytic ativity. This result indicates that the specific surface area is not the decisive factor 

in association with the photocatalytic activity of Zn-doped BiOBr. 

Table 2. Specific surface area of BiOBr doped with different contents of zinc ions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As we all known, the photocurrent is widely regarded as the efficient evidence demonstrating 

the separation of photo-generated carriers in the photocatalysts. Fig. 6 shows the transient 

photocurrent responses for a series of Zn-doped BiOBr during repeating light on/off cycles under 

visible light irradiation. It is clear to see that all of the photocurrent generated from the Zn-doped 
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Figure 6. Photocurrent response for the Zn-doped BiOBr samples with different RZn values.  
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BiOBr were larger than that of pure BiOBr which may indicate more efficiency of the 

photogenerated electrons and holes separation after Zn doping. These Zn
2+

 may be positioned into 

the BiOBr crystal lattice by substituting of Bi
3+

 lattice sites. As is known, upon light irradiation, 

electrons can be excited from the valence band to the conduction band, leaving the corresponding 

holes in the valence band. In this case, Zn d
10

 might be deeper than VB state of BiOBr. Therefore, 

the suitable amount of Zn
2+

 dopants may capture photogenerated holes and decrease the rate of 

recombination of electron–hole and accelerate photocatalytic reaction. However, the charge 

capture centers maybe become the recombination centers by overloading dopants [37]. Therefore, 

with a further increase of Zn concentration to 0.14, the photogenerated current density decreases 

due to fact that high concentrations of Zn may also act as a recombination center. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The reactive species may be different during photocatalytic reaction on different 

photocatalysts. To clarify the photodegradation mechanism, isopropyl alcohol and EDTA-2Na 

were adopted as ·OH and hole scavenger respectively. Fig. 7 illustrates the photodecolorization of 

RhB over Zn-doped BiOBr with RZn=0.10 in different conditions. The decolorization efficiency of 

RhB decreases from 100% to 92% and from 100% to 19% with the addition of isopropyl alcohol 

and EDTA-2Na, respectively. This indicates that the holes play important role in this reaction.  

4. Conclusion 

Figure 7. The effects of EDTA2-Na and isopropanol on the decolorization of RhB with the 

Zn-doped BiOBr samples with RZn=0.10 catalyst. 
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In summary, the Zn doped BiOBr hierarchical nanostructures as novel visible-light-induced 

photocatalysts were successfully synthesized by a simple solvothermal method. The photocatalytic 

performance of the Zn doped BiOBr samples is highly dependent on Zn content. With the increase 

of the Zn
2+

 addition, the photocurrent and surface area of the photocatalysts were greatly increased, 

which greatly improved the photocatalytic activity of the BiOBr microspheres. The enhanced 

photocatalytic activity can be attributed to the high separation efficiency of the photogenerated 

electron–hole pairs and the increases of the BET surface area of the photocatalysts. The main 

active species and their roles in the Zn doped BiOBr photocatalysis were investigated which 

suggested that the holes played important role in this photocatalytic reaction. 
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The Zn-doped BiOBr hierarchical nanostructure was fabricated by solvothermal methods. The 

photocatalytic activity of BiOBr was greatly enhanced by Zn-doping. 
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