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PANI/COF/BiOBr catalysts were synthesized by hydrothermal method basing on Schiff 
base reaction. The composites were characterized by XRD, SEM, etc., and at the same 
time, the photocatalytic property and degradation mechanism of PANI/COF/ BiOBr 
catalysts were studied by degrading organic simulated dyes. The experimental results 
showed that the main structure of PANI/COF/BiOBr composite was flower ball structure 
with BiOBr main crystal type of tetragonal phase, and the degradation rates of 
PANI/COF/BiOBr were 1.44, 1.55 and 1.47 times of pure BiOBr for Rhodamine B, 
methylene blue and tetracycline hydrochloride, respectively. The free radical quenching 
experiment showed that h+ and e- were the most active species in the photocatalytic 
process.  
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1. Introduction 
 
With the development of pharmaceutical and chemical industries, pollutants such as dyes 

and antibiotics have been released into the water environment, causing serious impacts on the 
ecosystem [1,2]. Organic dye wastewater and antibiotics are not easy to degrade and the traditional 
treatment methods are suboptimal, so the development of pollutants cleaning technology with 
efficient, wide range of application, low energy consumption, and strong oxidation capacity of 
pollutants is the goal that researchers have been pursuing. The photocatalytic technology 
developed in recent years has been widely concerned for its advantages of high efficiency, energy- 
saving, simple operation and catalytic degradation under sunlight, etc., and it is of great 
significance to explore the photocatalysts which has high degradation performance responding to 
broad spectrum and high charge separation efficiency for practical applications [3-5]. 

Two-dimensional BiOX(X=Cl, Br, I) is considered as a potential photocatalyst under 
visible light irradiation [6]. In the inherent two-dimensional layer structure, BiOBr, as a new type 
of semiconductor photocatalyst, has a suitable band gap energy (Eg=2.7eV), excellent photon 
capture ability and inherent electrostatic field, which can promote the separation of photogenerated 
carriers [7,8]. However, BiOBr still has some defects such as poor light capture capability. 
insufficient specific area of the photocatalyst and poor affinity with the pollutant, and also the high 
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recombination rate of photogenerated electron-hole pairs inhibiting the reaction efficiency [9,10]. 
In order to overcome these problems, several modification methods have been developed, 
including heterostructure construction [11,12], element doping [13,14], and vacancy defect 
construction [15,16]. Through the modification of these methods, good research results have been 
achieved.  

Many studies have shown that the introduction of conductive polymers with non-local π-π 
conjugated structure can accelerate charge transfer and improve photocatalytic activity. Polyaniline 
(PANI) is a conductive polymer with delocalized π-π conjugated structure, which enables it to 
ensure high charge separation efficiency and high visible light capture ability in a wide wavelength 
range of 400-1200nm [17-19]. So far, many published studies have shown that the combination of 
polyaniline and semiconductor can improve the efficiency of carrier migration by polyanilines, 
expand the optical response region, and improve the efficiency of light utilization. Such as 
TiO2-PANI[20], PANI/PbS QD[21]. The results of Z-scheme BiOBr-GO-polyaniline photocatalyst 
successfully synthesized by Qing et al. [22], and PANI/Bi4O5Br prepared by Xu et al. [23] showed 
that the presence of polyaniline can significantly expand the spectral response range. While it is 
beneficial to transfer electrons from the photocatalyst to the electron acceptor groups of organic 
pollutants, thus improving the photocatalytic performance. 

Covalent organic framework (COFs) is a new type of organic porous polymer with low 
density, structural adjustability and regular pore structure. COFs have good crystallinity, which is 
conducive to charge transport and can inhibit carrier recombination [24]. In recent years, many 
researchers have carried out research on photocatalytic organic pollutants basing COF[25,26]. For 
example, Zhi et al. synthesized two new piperazine-linked COFs with fully conjugated structures 
and eclipsed π-stacking model, demonstrating enhanced photoinduced carrier transport and 
separation [27]. 

The above analysis inspired us to synthesize a new photocatalyst containing BiOBr, 
polyaniline and COF. PANI/COF/BiOBr was synthesized by hydrothermal method basing on 
Schiff base reaction with Bi(NO3)3 and hexadecyl trimethyl ammonium bromide (CTAB) as Bi 
source and Br source, respectively. To study the degradation efficiency on Rhodamine B, 
methylene blue and tetracycline hydrochloride, the photocatalytic properties of BiOBr and optimal 
composites were studied, and the mechanism of photocatalytic reaction was explored through 
quenching experiments. 

 
 
2. Experimental 
 
2.1. Preparation of COF 
0.3mmol 2,4,6-triformylphloroglucinol and 0.45mmol 2-chloro-1,4-diaminobenzene were 

dissolved in 45ml dichloromethane and 15ml trichloromethane, and 0.45ml acetic acid was added 
to the above solution. The mixture was stirred in a water bath at 35℃ for 48 hours, and than the 
final solution was centrifugated at 5000rpm and washed with dichloromethane and ethanol. At last, 
it was dried at 60℃ for 12h. 

 
2.2. Preparation of BiOBr  
0.75mmol CTAB and 0.75mmol Bi(NO3)3·5H2O were added to 40mL glycol and stirred at 
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35℃ for 2 hours, after that the mixture was transferred to a reaction kettle and reacted at 180℃ for 

6h. After the reaction, the product was washed with deionized water and ethanol several times and 
dried at 60℃ for 6h. 

 
2.3. Preparation of BiOBr composites 
0.75mmol CTAB and 0.75mmol Bi(NO3)3·5H2O were added to 40mL glycol and the 

solution was stirred at 35℃ for 0.5 hours. After that 0.0114g COF and 0.0114g PANI were added 
(or 0.0114g PANI or 0.0114g COF). The solution continued to stir for 1.5 hours, and was 
transferred to the reactor, and reacted at 180℃ for 6h. After the reaction, the product of 

PANI/COF/BiOBr (PANI/ BiOBr or COF/BiOBr ) was washed with deionized water and ethanol 
several times and dried at 60℃ for 6h. The preparation path of the composite PANI/COF/BiOBr 

was shown in Fig.1. 
 

 
 

Fig. 1. The preparation path of PANI/COF/BiOBr composite. 
 
 
2.4. Characterization of BiOBr composites 
X-ray powder diffraction pattern(XRD) was obtained by a D/ Max 3B X-ray 

diffractometer (Japan) with Cu Kα irradiation source (λ=1.5418 Å) through the 2θ range from 5° 
to 90. Field Emission Environment Scanning Electron Microscope (FEI Quanta 200FEG, Dutch 
Philips) was used to test the morphologies of prepared samples. Fourier-transform infrared(FT-IR) 
spectra was characterized by Nicolet 6700( USA). The optical properties of the samples were 
characterized by a UV-2600 ultraviolet/visible diffuse reflectance spectrophotometer (DRS) The 
concentration of organic simulated dyes was obtained by Uv-Vis Spectrophotometer (model: 8453, 
Agilent, USA). 

 
2.5. Photocatalytic performance of BiOBr composites 
In the experiment, 0.05g catalyst was weighed and used to degrade 50mL of 80mg/L 
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Rhodamine B solution, 100mg/L methylene blue solution and 30mg/L tetracycline hydrochloride 
solution, respectively. The suspension was stirred at dark for 30 minutes to reach the adsorption 
equilibrium. After then, the simulated visible light (Xenon light source using cut-off 400 nm filter) 
was turned on for 120 minutes. A certain amount of solution was taken out every 30 min and 
filterd with 0.22 um microporous filter membrane to remove the catalysts. The photodegradable 
activity was observed by measuring the absorbance by Uv-Vis Spectrophotometer. The 
degradation rate (D%) was expressed as follows: 

 

                           (3)   

 
2.6. Cycle performance of BiOBr composites 
After the photocatalytic experiment, the catalysts were transferred to centrifuge and 

separated. And then the catalysts were treated by 0.1mol/LNaOH, deionized water, 0.1mol/LHCl 
respectively , and washed to neutral, and then dried. The same photocatalytic reaction was carried 
out, and the catalyst was reused for three cycles to study its reusable performance. 

 
2.7. Photocatalytic mechanism of BiOBr composites 
Sodium oxalate, silver nitrate, p-benzoquinone and isopropyl alcohol solution were used 

as the quenching agents of photogenerated holes (h+), photogenerated electrons (e-), superoxide 
radicals (·O2-) and hydroxyl radicals (·OH), respectively. On the basis of the photocatalytic 
experiment, 0.05g PANI/COF/BiOBr composite material was put into 50ml 80mg/L Rhodamine B 
solution, 5mL of the above-mentioned quencher with a concentration of 0.075mol /L and 5mL of 
distilled water as a blank control to investigate the role of free radicals in the photocatalytic 
process during the light process. 

 
 
3. Results and discussion 
 
3.1. Characterization of composites 
3.1.1. XRD characterization of composites  
XRD pattern of BiOBr composites was shown in Fig.1. It showed that the related 

diffraction peaks of 2θ at 25.01°, 32.23°, 32.48°, 39.69°, 46.52°, 56.34° and 57.20° were 
consistent with the peaks of the BiOBr standard card (PDF#85-0862), which were corresponding 
to crystal faces (101), (102), (110), (112), (200), (211) and (212) of the tetragonal phase structure 
of BiOBr . In addition, these peaks were sharp, indicating that the crystallinity of the sample was 
high, and it could be known that the main structure of the synthesized composite sample was 
BiOBr. COF had a strong diffraction peak at 27°, corresponding to its (001) crystal face. The peak 
locations of COF/BiOBr, PANI/BiOBr, PANI/COF/ BiOBr and pure BiOBr were roughly the same, 
indicating that the minor addition of PANI and COF did not change the main phase structure of the 
composite. 
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Fig. 2. XRD spectra of BiOBr composites. 

 
 
3.1.2. FT-IR characterization of BiOBr composites 
The infrared spectra of BiOBr composites was shown in Fig. 3. It showed that the infrared 

peak position of BiOBr and its composites could be observed to be roughly the same. The infrared 
characteristic peak of 3440.00cm-1 was the vibration absorption of water molecules adsorbed by 
the material. The peak at 520cm-1 was the characteristic peak of BiOBr material, corresponding to 
the existence of Bi-O bond stretching vibration peak [28]. The infrared spectra of BiOBr and its 
complexes both had the peak at 520cm-1, confirming the existence of the main structure of BiOBr. 
In addition, the COF and the composites loaded COF all had the peak at 1455 cm-1, possibly duing 
to the C-N bond of the COF material. The addition of PANI did not cause significant changes in 
the bonding of composites. 
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Fig. 3. Infrared spectra of BiOBr composites. 
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3.1.3. SEM characterization of BiOBr composites 
SEM image of BiOBr composites was shown in Fig.4. It could be seen that the 

morphology of BiOBr and COF/BiOBr was irregular, with rough surfaces and uneven sizes from 
Fig.1 a and Fig1 b. A small number of flower-like spheres with irregular morphology was shown 
in Fig1 c, at the same time, the morphology of PANI/COF/BiOBr contained regular flower spheres 
which had a larger specific surface area, enabling the catalyst to contact with the reactants 
adequately, and improving the photocatalytic activity. 

 

 

(a)                               (b) 

 

(c)                                   (d) 
 

Fig. 4 SEM images of BiOBr composites (a) SEM image of BiOBr at 50000x; (b) SEM of COF/BiOBr at 
50000x; (c) SEM image of PANI/BiOBr at 50000x; d. SEM image of PANI/COF/BiOBr at 50000x. 

 
 
3.1.4. UV-Vis DRS characterization of BiOBr composites 
The UV diffuse reflection of BiOBr composites was shown in Fig. 5. It showed that 

PANI/BiOBr had the weakest optical response before 400nm from Uv-vis absorption spectrum in 
5 (a), and after 400nm, the spectral responses of BiOBr, COF/BiOBr, PANI/BiOBr and 
PANI/COF/BiOBr catalysts were enhanced successively, and the spectral responses of 
PANI/COF/BiOBr catalysts were the strongest. The optical bandgap of BiOBr, COF/BiOBr, 
PANI/BiOBr, PANI/COF/BiOBr catalysts was 2.95eV, 2.90eV, 2.64eV, 2.58eV by fitting the (αhν) 



881 
 

2vs.hν curve[29]. The optical band gap of PANI/COF/BiOBr was reduced by about 0.37eV 
compared to BiOBr. The narrower band gap and higher photo-response were more favorable for 
photocatalytic degradation. 
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Fig. 5. (a) UV-Vis absorption spectra of BiOBr composites, and (b) (αhν) 2vs.hν curves. 
 
 
3.2. Photocatalytic properties of BiOBr composites 
3.2.1. Degradation performance of Rhodamine B by BiOBr composites 
The effect of degradation of Rhodamine B by BiOBr and its composites was shown in Fig. 

6. It showed that the degradation rates of Rhodamine B by COF, PANI, BiOBr, COF/BiOBr, 
PANI/BiOBr, PANI/COF/BiOBr were 32.6%, 39.2%, 69%, 82.2%, 95.8% and 99.8%, respectively. 
It could be seen that the main BiOBr had a certain degradation effect, but the degradation effect of 
single COF or PANI was weak. After the addition of COF and PANI to the main BiOBr, the 
degradation effect of Rhodamine on the material was greatly improved, and the degradation rate of 
PANI/COF/BiOBr was significantly improved, which was 1.44 times that of the original BiOBr. 
The experimental results showed that PANI/COF/BiOBr showed a better effect on the degradation 
of Rhodamine B during the reaction time. It could conclude that the degradation effect of COF and 
PANI alone was not significant, so the following experiments discussed BiOBr, COF/BiOBr, 
PANI/BiOBr, PANI/COF/BiOBr materials. When the dye concentration was very low, the 
Langmuir-Hinshelwood linear fitting was performed, and the fitting formula was shown equation 
in (2) : where k was the first-order reaction rate constant. According to the slope of the fitted linear 
equation, the values k of COF, PANI, BiOBr, COF/BiOBr, PANI/BiOBr, PANI/COF/BiOBr were 
respectively: 0.00187 min-1, 0.00244 min-1, 0.00609 min-1, 0.00925 min-1, 0.01717 min-1, 0.03503 
min-1. It also showed that PANI/COF/BiOBr composites had the best degradation rate to 
Rhodamine B  

 

                                   (2) 
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Fig. 6. Degradation diagram of Rhodamine B by BiOBr composites (a: degradation rate-time diagram; b: 
Langmuir-Hinshelwood linear fitting; c: Ultraviolet spectrum of Rhodamine B during degradation by 

PANI/COF/BiOBr). 
 
 
3.2.2. The degradation performance of methylene blue and tetracycline by BiOBr  
     composites 
The degradation effect of BiOBr composites on methylene blue was showed in Fig. 7a. It 

showed that the degradation rate of methylene blue gradually increased with the increase of time. 
After 150 min of illumination, the degradation efficiency of methylene blue were 80.7%, 69%, 
59.1% and 54.9%, corresponding to PANI/COF/BiOBr, PANI/BiOBr, COF/BiOBr and BiOBr, 
respectively. The degradation effect of PANI/COF/BiOBr on methylene blue was 1.47 times that 
of pure BiOBr.   
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Fig. 7. Degradation effect of BiOBr composites on methylene blue (a) and tetracycline hydrochloride (b). 

 
 
The degradation effect of BiOBr composites on tetracycline hydrochloride was shown in 

Fig.7b. It showed that the degradation rates of tetracycline hydrochloride were 45.9%, 61.8%, 
65.3% and 71.3% after 150 minutes of illumination corresponding to BiOBr, COF/BiOBr, 
PANI/BiOBr,, PANI/COF/ BIOBr, respectively. The degradation effect of PANI/COF/BiOBr was 
best, which was 1.55 times that of pure BiOBr. 

In the above experiments, it was found that Rhodamine B, methylene blue and tetracycline 
hydrochloride had different structures, but PANI/COF/BiOBr had better degradation effect on 
these organic compounds. It could be seen that PANI/COF/BiOBr had a certain universality to the 
degradation of organic matter. Combined with the solid UV diffuse reflection results of the 
material and the subsequent free radical quenching experiment, the reason may be that the addition 
of COF and PANI could increase the absorption of visible light, and separate the photogenerated 
electron-hole pairs effectively, reducing the recombination of electron-hole pairs and improving 
the photocatalytic activity. 

 
3.3. Cycling performance of PANI/COF/BiOB  
The cyclic degradation rate of Rhodamine B by PANI/COF/BiOBr was shown in Fig.8. As 

could be seen from the figure, the degradation rates of PANI/COF/BiOBr of three cycles were 
98.6%, 92.6% and 68.4%, respectively. The degradation rate of the first and second cycles was 
more than 90%, but the degradation rate of the third cycle was reduced to 68.4%, meaning the 
degradation rate of PANI/COF/ BiOBr reduced by 30.63% after three cycles. XRD pattern of 
PANI/COF/BiOBr remain unchanged before and after cycling. The possible reason was that the 
composites degraded several times, the active site was covered by organic matter, and could not be 
eluted by simple acid-base treatment, so the cyclic performance was affected. However, in terms of 
the overall cycle efficiency, the cycle stability of PANI/COF/BiOBr was better. 
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Fig. 8. Cyclic degradation of Rhodamine B by PANI/COF/BiOBr (a) column diagram of  
degradation rate (b) XRD pattern of PANI/COF/BiOBr before and after the cycles (c). 

 
 
3.4. Photocatalytic mechanism of PANI/COF/BiOB 
In order to further explore the effect of free radicals on Rhodamine B degradation and 

photocatalytic mechanism, the oxidation group capture experiment was carried out. As shown in 
Fig.9, when the concentration of quencher was 0.075 mol/L, the degradation rates of Rhodamine B 
solution by PANI/COF/BiOBr were 97.7%, 40.4%, 77.5%, 87.8% and 98.2%, respectively, 
corresponding to blank group solution, added sodium oxalate, silver nitrate, p-benzoquinone and 
isopropyl alcohol solution. It showed that the photocatalysis of free radicals in the photocatalysis 
process was as follows: h+> e->·O2

->·OH, indicating photogenerated holes (h+) and photogenerated 
electrons (e-) were the most active species in the photocatalytic process of Rhodamine B by 
PANI/COF/BiOBr. Combined with free radical capture experiments, the possible degradation 
mechanism of PANI/COF/BiOBr was proposed, as shown in Fig. 10. In the degradation process of 
PANI/COF/BiOBr materials, the main BiOBr mainly played the role of semiconductor, that was, 
h+ and e- were generated in the process of illumination, and PANI and COF had a conductive 
synergistic effect, rapidly conducting and separating the generated h+ and e-, and most of the h+ 
and e- were directly involved in the degradation process of organic matter. 
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Fig. 9. Effect of quencher on degradation of Rhodamine B by PANI/COF/BiOBr. 
 
 

 
Fig. 10. Degradation mechanism diagram of PANI/COF/BiOBr. 

 
 
4. Conclusion 
 
BiOBr and its composites were synthesized by hydrothermal method using Bi(NO3)3 and 

CTAB as Bi and Br sources based on Schiff base reaction. The composites were characterized by 
XRD, SEM, FT-IR and DRS, and were used for photocatalytic experiments on Rhodamine B, 
methylene blue and tetracycline hydrochloride to study the degradation effect, catalyst stability 
and degradation mechanism. The experimental results showed that the main structure of 
PANI/COF/BiOBr composite was flower ball structure with tetragonal BiOBr crystal form, and the 
peak near at 520cm-1 was the infrared characteristic peak of BiOBr material, which corresponding 
to the Bi-O bond stretching vibration peak. The UV diffuse reflection results showed that the band 
gap energy of PANI/COF/ BiOBr decreased from 2.95eV to 2.58eV, and the absorption of visible 
light after 400nm was enhanced. The best catalysts for Rhodamine B, methylene blue and 
tetracycline hydrochloride degradation were PANI/COF/BiOBr materials, and the degradation 
rates were 1.44, 1.55 and 1.47 times of pure BiOBr, respectively.  
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The stability of PANI/COF/ BiOBr was good, and the degradation rate of PANI/COF/ 
BiOBr was reduced by 30.63% after three cycles. The free radical quenching experiment showed 
that photogenerated holes (h+) and photogenerated electrons (e-) were the most active species in 
the photocatalytic process. 
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