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Abstract
In this study, a novel p–n junction photocatalyst of BiOCl/(BiO)2CO3 anchored on RGO was synthesized to enhance the 
visible light photocatalytic activity. The crystal structure and morphology of the prepared samples were characterized via 
X-ray diffraction (XRD), scanning electron microscope (SEM), X-ray photoelectron spectroscopy (XPS) and Raman spec-
troscopy, respectively. The photodegradation performances of the samples were evaluated by photodegrading methyl orange 
(MO) under visible light irradiation. The results showed that nanoparticles of BiOCl/(BiO)2CO3 were well dispersed on the 
RGO nanosheets which served as the growth support and the morphology controller. The RGO addition could enhance the 
photocatalytic performance of the BiOCl/(BiO)2CO3-RGO composites with the maximum degradation efficiency of 99.1% 
under visible light irradiation compared to the sample without RGO (80%). The improved property was attributed to the 
fact that RGO effectively separated the electron–hole pairs of the composites. Meanwhile, the possible mechanism of the 
photocatalysis was proposed, which revealed the transfer of charge carriers and the formation of active substances in the 
photocatalytic process.
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1 Introduction

As people excessively discharge waste water containing 
heavy metal ions or organic pollutants, human health is 
threatened as never before. Therefore, it is urgent to solve 
water pollution [1]. Traditional methods for treating water 
pollution are inefficient and costly, and may also produce 
secondary pollution [2, 3], such as adsorption [4, 5] and ion 
exchange [6]. Semiconductor photocatalysis technology has 
the characteristics of high efficiency, environmental protec-
tion, stability, and low cost [7, 8]; therefore, it is considered 
to be an effective water pollution solution [9–11].

Among the numerous semiconductor photocatalysts, 
BiOCl has attracted lots of attention and great research inter-
est due to its efficient photocatalytic activity, high chemical 
stability, nontoxicity, and low cost [12]. The two-dimen-
sional (2D) BiOCl nanosheets have a tetragonal structure 
composed of [Cl–Bi–O–Bi–Cl] sheets, and the electric field 
is interacted with the chloride ion  (Cl−) by the inner layer 
 [Bi2O2]2+ through the Coulombic interaction. The structure 
is favorable for reducing the recombination rate of photo-
generated hole–electron pairs [13, 14]. However, the wide 
bandgap of BiOCl can only use photons in the ultraviolet 
region, restricting the practical application of BiOCl as a 
broad-spectrum photocatalyst [14]. Therefore, one of the 
proposed strategies is to combine BiOCl and (BiO)2CO3 
into a hetero-junction to increase their photocatalytic activ-
ity under visible light. (BiO)2CO3 is a typical oxide associ-
ated with Aurivillius and consists of  [Bi2O2]2+ plates stag-
gered between two  (CO3)2− plates. (BiO)2CO3 has a highly 
anisotropic internal structure and can promote the forma-
tion of sheet-like structures. In particular, the exposed fac-
ets have an active role in photocatalysis [15]. Zhang et al. 
[16] explored that BiOCl/(BiO)2CO3 prepared by a facile 
composition-controlled preparation technology showed the 

 * X. Y. Liu 
 liuxy@imr.ac.cn

 * Z. Y. Liu 
 zyliu@imr.ac.cn

1 School of Science, Shenyang Ligong University, No.6 
Nanping Central Road, Shenyang 110159, China

2 Shi-Changxu Innovation Center for Advanced Materials, 
Institute of Metal Research, Chinese Academy of Sciences, 
72 Wenhua Road, Shenyang 110016, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-020-04044-w&domain=pdf


 Y. L. Qin et al.

1 3

  851  Page 2 of 9

best photocatalytic performance than separate BiOCl or 
(BiO)2CO3. Meanwhile, Yu et al. [17] reported that BiOCl/
(BiO)2CO3 exhibited better photocatalytic activity toward 
RhB than P25 (commercial  TiO2) under UV light. Although 
the photocatalytic performance of BiOCl/(BiO)2CO3 was 
improved to some extent, the rapid recombination of elec-
tron–hole pairs may still limit the visible light activity of 
the composites.

Graphene owns a 2D sp2 carbon network with unique 
properties, such as the high carrier mobility, optical trans-
parency, and chemical stability [18]. Owing to this unique 
nanostructure, the photocatalytic performance of the gra-
phene-composite catalysts can be improved. In the present 
work, we prepared a photocatalyst of BiOCl/(BiO)2CO3-
reduced graphene oxide (BiOCl/(BiO)2CO3-RGO). A novel 
heterojunction of p-type BiOCl and n-type (BiO)2CO3 was 
first constructed by loading (BiO)2CO3 nanoparticles on the 
surface of BiOCl nanosheets via a two-step solvothermal 
method. Then, the BiOCl/(BiO)2CO3 was grown on the sur-
face of reduced graphene oxide (RGO) sheets via a hydro-
thermal method. On the one hand, RGO was expected to 
promote the separation of electron–hole pairs; on the other 
hand, the large specific surface area of RGO was expected to 
improve the adsorption capacity of the material. This paper 
reported the morphology of the material and also briefly 
analyzed the improvement of photocatalytic performance.

2  Experimental

2.1  Photocatalysts preparation

All chemicals were of analytical grade and used as 
received without any further purification. Distilled water 
was used in all experiments.

2.2  Photocatalyst synthesis

2.2.1  Synthesis of BiOCl/(BiO)2CO3 nanosheets

Figure 1 shows the flow schematic of the material synthe-
sis process. The (BiO)2CO3 photocatalyst was prepared 
as follows: 2 g  Na2CO3 and 0.3 g cetyltrimethyl bromide 
(CTAB) were dissolved in 60 ml of deionized water and 
stirred for 30 min to achieve the solution A. Simulta-
neously, 1.14 g Bi(NO3)3·5H2O and 200 mg citric acid 
were dissolved in 58 ml deionized water and 2 ml nitric 
acid, and then stirred magnetically for 30 min to obtain 
the solution B. Subsequently, the solution B was slowly 
added into the solution A with constant stirring, and the 
mixture solution was stirred continuously for 2 h at room 
temperature. Then, the obtained product was collected by 

Fig. 1  The flow schematic of the material synthesis process
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centrifugation, washed with deionized water and absolute 
ethanol for several times, and dried at 60 °C for several 
hours.

BiOCl/(BiO)2CO3 composites were prepared as fol-
lows. First, 3 mmol KCl, 200 mg citric acid and 200 mg 
(BiO)2CO3 were dissolved in 30 ml of deionized water and 
magnetically stirred for 30 min to obtain the solution C. 
Simultaneously, 3 mmol Bi(NO3)3·5H2O was dissolved in 
30 ml deionized water and stirred for 30 min, which was 
labelled as solution D. Then, the solution D was slowly 
added into the solution C and stirred continuously. The 
mixture was heated in a water bath at 80 ℃ by magnetic 
stirring for 3 h. The precipitant was washed several times 
with deionized water and absolute ethanol, and finally dried 
in air at 60 ℃.

2.2.2  Preparation of BiOCl/(BiO)2CO3‑RGO nanocomposites

0.01 g graphene oxide (GO) was dispersed in 10 ml ethanol 
and 20 ml deionized water, following the ultrasonic treat-
ment for 30 min. Next, 0.02 g BiOCl/(BiO)2CO3 was added 
into the above reaction mixture by magnetic stirring for 
2 h. Then, the obtained mixture was transferred to a 100 ml 
Teflon-lined stainless-steel autoclave and hydrothermally 
treated at 160 ℃ for 3 h. After cooling to room temperature 
naturally, the obtained product was collected and washed 
thoroughly with deionized water, and then washed with 
absolute ethanol. Finally, the sample was dried in air at 80 ℃ 
for 4 h, designated as BiOCl/(BiO)2CO3-RGO.

2.3  Catalyst characterization

The morphological and structural features of the samples 
were examined by SUPRA 55 SAPPHIRE field emission 
scanning electron microscope (SEM) with an accelera-
tion voltage of 15 keV. The crystal phases of the samples 
were determined by X-ray diffractometry (XRD, Bruker D8 
18KW), operating at 40 kV and 50 mA. The XRD testing 
was conducted using a monochromated Cu  Kα radiation 
(λ = 0.154 nm), scanned in the range of 10°–80° (2θ) at a 
scanning rate of 5° min−1. X-ray photoelectron spectros-
copy (XPS) was recorded on a VG MultiLab 2000 system 
with a monochromatic Al Kα source operated at 300 W. 
Raman spectra of samples were measured on HORIBA 
with a 532 nm laser at ambient temperature to observe the 
chemical structures of the samples. The visible light absorp-
tion spectra were recorded with a homemade visible light 
spectrometer.

2.4  Photocatalytic experimental

The photocatalytic activity of the prepared sample was eval-
uated by monitoring the degradation of the methyl orange 

(MO) aqueous solution under irradiation of visible light 
(≥ 420 nm, 500 W xenon lamp) leaving the beaker at 25 cm. 
In a typical visible light-responsive catalytic process, 30 mg 
of photocatalyst was dispersed in 50 ml of MO aqueous solu-
tion (c = 20 mg/L) in a beaker. Before being irradiated, the 
suspension was magnetically stirred in the dark for 30 min 
to reach the absorption–desorption equilibrium between the 
photocatalyst and MO aqueous solution. Then, the solution 
was exposed to visible light irradiation under magnetic stir-
ring. Then, 4 ml of the suspension was taken every 10 min 
during the irradiation and centrifuged. The centrifuged solu-
tion was recorded at its maximum absorption wavelength. 
The degradation efficiency was determined by the following 
equation: �(%) = C0−C

C0

× 100% , where C represents the con-
centration of MO at each irradiation time, while C0 repre-
sents the starting concentration of MO at initial. MO curve 
of quasi-first-order kinetic response was measured by the 
following equation: kt = ln

(

C0

C

)

 , where k is the rate con-
stants, t is the photocatalytic reaction time. Based on the 
point fitting, the slope of the straight line is the reaction rate 
constant k.

3  Results and discussion

3.1  Structure and morphology

The Raman spectra of different samples are illustrated 
in Fig.  2a. The external vibration of carbonate ion in 
(BiO)2CO3 caused bands at 179 cm−1 and 1070 cm−1 [19]. 
The typical strong peak of BiOCl was located at 145 cm−1 
corresponded to the A1g internal Bi–Cl stretching mode. The 
other typical stronger peak was located at 199 cm−1 corre-
sponded to the Eg internal Bi–Cl stretching vibration [20]. In 
general, a slight left shift of the D and G bands of the com-
posite material indicates that GO has been reduced [21, 22]. 
It can be observed that the peaks at 1357 cm−1 (D band) and 
1600 cm−1 (G band) in the Raman spectrum of GO, respec-
tively, shifted to lower wave numbers of 1353 cm−1 and 
1593 cm−1 in the Raman spectrum of BiOCl/(BiO)2CO3-
RGO, indicating that GO was reduced to RGO. Furthermore, 
the ID/IG value of BiOCl/(BiO)2CO3-RGO was calculated 
to be 0.96, which was less than that of GO (ID/IG = 1.05), 
implying GO was partly reduced [23, 24].

Figure 2b shows the typical XRD diffraction patterns of 
the prepared samples. The results showed that all the diffrac-
tion peaks can clearly point to the standard diffraction data of 
tetragonal BiOCl (JCPDS card no. 87-1290) and tetragonal 
(BiO)2CO3 (JCPDS card no. 09-0393), respectively, and no 
other phase or impurity can be observed, indicating that pure 
tetragonal BiOCl phase and tetragonal (BiO)2CO3 phase 
were obtained. For the BiOCl sample, the peaks located at 
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2θ = 12.02°, 24.19° and 26.09° were assigned to the (001), 
(002) and (101) planes, respectively. It is worth noting that 
with the addition of (BiO)2CO3, the (001) peak of BiOCl 
was significantly enhanced, and the results indicated that 
(BiO)2CO3 has been successfully grafted onto BiOCl [25]. 
Meanwhile, the diffraction intensity ratio of (001)/(101) 
peaks for the BiOCl/(BiO)2CO3 and BiOCl/(BiO)2CO3-RGO 
were 0.35 and 0.45, respectively. This means that BiOCl/
(BiO)2CO3-RGO had a high percentage of exposure of the 
(001) surface, indicating that BiOCl grew along the (001) 
plane. Some researchers reported that the density of oxygen 
(O) atoms on the (001) plane of bismuth oxychloride was 
much higher than that on other surfaces [26]. The highly 
exposed (001) plane promoted the generation of oxygen 
vacancies, which in turn showed more excellent photocata-
lytic activity [27]. In addition, the peaks of RGO were not 
found because the RGO with low atomic number content 
was small and could not be resolved by XRD [28]. Moreo-
ver, the addition of RGO did not change the diffraction peak 
position of the composites, indicating that RGO did not 
change the lattice of the BiOCl/(BiO)2CO3 [29].

The surface composition and chemical state of the pre-
pared samples were further studied via XPS spectra, and 
the results of the binding energy spectrum were shown in 
Fig. 3. As shown in Fig. 3a, all the (BiO)2CO3 (158.3 and 
163.6 eV), BiOCl (159 and 164.3 eV), BiOCl/(BiO)2CO3 
(158.9 and 164.2 eV), and BiOCl/(BiO)2CO3-RGO (159.1 
and 164.4 eV) samples had two distinct peaks, respectively, 
which were indexed to Bi 4f7/2 and Bi 4f5/2, respectively. 
The difference between splitting the two bands was 5.3 eV, 
indicating the existence of  Bi3+ [30]. The movement of the 
characteristic peak position of  Bi3+ indicated the formation 
of a heterostructure [31]. In Fig. 3b, The Cl 1s of BiOCl 
can be deconvoluted into two peaks (198.1 and 199.7 eV), 

designated as Cl 2p3/2 and Cl 2p1/2, respectively [14]. It is 
worth noting that the binding energy of BiOCl/(BiO)2CO3 
and BiOCl/(BiO)2CO3-RGO became lower, which was 
related to the introduction of numerous (BiO)2CO3 [32]. As 
displayed in Fig. 3c, the double peaks located at 284.5 and 
288.1 eV can be assigned to C1s. Accidental carbon spe-
cies vibration in the XPS measurement caused a peak of 
284.5 eV [33, 34], while the XPS peak of 288.1 eV was 
attributed to the carbonate ion in (BiO)2CO3 [35]. In Fig. 3d, 
the C 1s of the BiOCl/(BiO)2CO3-RGO XPS spectrum can 
be deconvoluted into three peaks, appearing at 284.3 (C–C), 
285.2 (C–O) and 288.3 eV (C=O); meanwhile, the C–O and 
C=O peak area ratio decreased greatly. This indicated that 
the oxygen function was reduced and the sp2 domain was 
re-established [36, 37].

The morphology of the prepared samples was ana-
lyzed via SEM. Figure 4 showed the SEM images of the 
pure BiOCl, pure (BiO)2CO3, BiOCl/(BiO)2CO3 and 
BiOCl/(BiO)2CO3-RGO composites, respectively. As can 
be seen from Fig. 4a, (BiO)2CO3 showed morphology of 
irregular nanoflake and these nanosheets were freely and 
closely packed with each other. Figure 4b clearly showed 
that BiOCl was an irregular block structure composed of 
small nanosheets. As shown in Fig. 4c, when BiOCl was 
combined with (BiO)2CO3, the nanosheets of (BiO)2CO3 
were attached to the surface of BiOCl. In Fig. 4d, RGO 
reduced the agglomeration between the original BiOCl and 
(BiO)2CO3, and the BiOCl/(BiO)2CO3 attached to the sur-
face of the RGO in a sheet shape.

3.2  Photocatalytic performance

The catalytic performance of each catalyst sample for the 
degradation of MO under visible light is shown in Fig. 5a. 

Fig. 2  a Raman scattering spectra and b XRD patterns of the prepared samples of (BiO)2CO3, BiOCl, BiOCl/(BiO)2CO3, and BiOCl/
(BiO)2CO3-RGO
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Within 30 min in the dark, the absorbance decreased by 
40% due to adsorption. It can be clearly seen that BiOCl/
(BiO)2CO3-RGO showed the highest photocatalytic per-
formance, and the degradation rate reached 99.2% within 
30 min. Obviously, the photocatalytic activity of BiOCl/
(BiO)2CO3-RGO under visible light was better than that 
of the separate pure (BiO)2CO3 and BiOCl. This excellent 
photocatalytic performance is attributed to the fact that 
RGO reduced the agglomeration of the (BiO)2CO3 and 
BiOCl complexes and also positively affected the separa-
tion of the composites electron–hole pairs, thus increasing 
the visible light utilization of the composites [38, 39]. It can 
be seen from Fig. 5b that BiOCl/(BiO)2CO3-RGO had the 
fastest photocatalytic rate, which also proved that BiOCl/
(BiO)2CO3-RGO had the best photocatalytic performance.

3.3  Mechanism for photocatalytic reactions

A possible photocatalytic mechanism for the excellent pho-
tocatalytic performance of BiOCl/(BiO)2CO3-RGO is pre-
sented in Fig. 5c. Because (BiO)2CO3 was a n-type semi-
conductor while BiOCl was p-type semiconductors [40], 
p–n junctions would be generated between (BiO)2CO3 and 

BiOCl after they contacted with each other, which could 
effectively separate and transfer photo-generated electrons 
and holes [41, 42]. N-(BiO)2CO3 could be excited under vis-
ible light (λ > 400 nm), electrons and holes were produced 
simultaneously and accumulated on its conduction band 
(CB) and valence band (VB), respectively. The holes  (h+) 
from the CB of the n-type (BiO)2CO3 photocatalyst could be 
smoothly transferred to the adjacent VB of the p-type BiOCl 
through the RGO sheets, and the high-speed electron transfer 
efficiency of the RGO greatly hindered the recombination 
of electron–hole pairs [43, 44]. The holes could react with 
 OH− or  H2O species, further generating hydroxyl radicals 
(·OH) and  H2O2 with strong oxidative properties to degra-
dation of organics [31]. At the same time, the CB electrons 
of (BiO)2CO3 reacted with the oxygen  (O2) adsorbed on the 
surface of (BiO)2CO3 to produce a strong oxidant, superox-
ide  (O2

−), which decomposed organic dyes [45].
It is reported that BiOCl could degrade MO under vis-

ible light owing to its photosensitization effect [46]. The MO 
adsorbed by the BiOCl/(BiO)2CO3-RGO complex could also 
be excited (denoted as MO*) under visible light irradiation, 
producing photo-generated electrons and holes [47]. The 
excited electrons shifted from the highest occupied molecular 

Fig. 3  XPS spectra of a Bi 4f, b Cl 2p, c C 1s of pure (BiO)2CO3, d C 1s of BiOCl/(BiO)2CO3-RGO sample
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orbital (HOMO) to the lowest unoccupied molecular orbital 
(LUMO) [48]. Subsequently, electrons transferred to the CB 
of BiOCl and then to the CB of (BiO)2CO3. After that, reactive 
oxygen species would be produced to further degrade MO. 
There have been many experiments proving that MO itself 
could not be degraded under visible light irradiation [49, 50]. 
This indicates that the photosensitization of the dye was not 
dominated in the whole catalysis process.

In summary, the main photochemical process steps in the 
photocatalytic MO mechanism of BiOCl/(BiO)2CO3-RGO 
were shown by the following equations:

(1)BiOCl∕(BiO)2CO3 − RGO + h� → BiOCl∕(BiO)2CO3 − RGO (h+ + e−)

(2)MO + h� → MO* + e−

(3)O2 + e− → ∙O−
2

(4)∙O−
2
+ 2H

+ + e− → H2O2

4  Conclusion

In summary, BiOCl/(BiO)2CO3-RGO composites were 
successfully obtained in a simple solvothermal method to 
effectively improve the photocatalytic performance. Sev-
eral conclusions made from this work are as follows:

(5)H2O2 + e− → ∙OH + OH
−

(6)h
+ + H2O → ∙OH + H

+

(7)h
+ + OH

−
→ ∙OH

(8)MO +
(

∙O2−
, H2O2, ∙OH

)

→ ⋯ → CO2 + H2O.

Fig. 4  SEM images of samples: 
a (BiO)2CO3, b BiOCl, c 
BiOCl/(BiO)2CO3, d BiOCl/
(BiO)2CO3-RGO
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(1) BiOCl/(BiO)2CO3-RGO composites were successfully 
prepared by hydrothermal method, exhibiting the best 
photocatalytic performance with a degradation rate 
reaching 99.2% within 30 min.

(2) Both (BiO)2CO3 and BiOCl nanosheets were generated 
in situ on the surface of RGO. A close contact interface 
was formed between RGO and (BiO)2CO3 and BiOCl, 
which could promote efficient separation of electron–
hole pairs.

(3) BiOCl/(BiO)2CO3-RGO composites had a high percent-
age of exposure of the (001) surface, and promoted the 
generation of oxygen vacancies. Therefore, it produced 
more excellent photocatalytic activity.
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