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A B S T R A C T   

With the aim to improve the photocatalytic property, BiOCl/graphene (BR) and BiOCl/graphene modified via 
polyvinylpyrrolidone (BRP) were prepared in a hydrothermal route. The obtained BRP sample showed the 
highest photocatalytic activity for the degradation of Methyl Orange (MO) under visible light illumination as 
compared to the pure BiOCl and BR samples. The results indicate that the degradation rate constant of the BR 
reached 0.04874 min− 1 as compared to the 0.03227 min− 1 for the pure BiOCl. It was found that the reduced 
graphene oxide (RGO) could uniformly load BiOCl, and the chemical bonding interface between RGO and BiOCl 
reduced the recombination of electron-hole pairs. Further, adding polyvinylpyrrolidone could refine the size of 
the BiOCl and increase the number of the BiOCl adhered onto the graphene surface, and thereby providing the 
highest efficient catalytic effect, with the degradation rate constant reaching 0.06205 min− 1.   

1. Introduction 

Environmental pollution and energy shortages become the focus of 
world attention. The problem of environmental pollution is mainly the 
air pollution, water pollution, and solid pollution. Among these three 
kinds of pollution, water pollution is the most relevant to our daily life 
and also the most extensive one. Semiconductor photocatalysis is one of 
the most promising solutions for water pollution [1–5]. The semi
conductor photocatalyst is irradiated by sunlight, generating photo
electrons and photoholes. These electrons and holes can transfer to the 
surface of photocatalyst and generate a series of reduction-oxidation 
with water and oxygen molecules, degrading the organic molecules 
adsorbed on the surface of the photocatalyst [6]. 

In recent years, as a novel ternary oxide semiconductor, BiOCl has 
attracted great attention for its excellent photocatalytic performance 
[7–9]. Nevertheless, BiOCl has two fatal defects. One is that pure BiOCl 
limits the photocatalytic activity in sunlight due to its large indirect 
bandgap in the range of 3.02–3.5 eV [10]. The other is that the rapid 
recombination of light-induced electrons and holes greatly reduces the 
quantum efficiency [11]. 

So far, various strategies have been used to overcome these defects, 
such as composite semiconductors, doping, precious metal deposition, 

and morphology control. Among these methods, the combination of 
semiconductor and graphene to prepare two-dimensional structure 
photocatalysis has become a research hotspot in recent years. Graphene 
has good conductivity and large specific surface area, and this can not 
only effectively separate electrons-holes but also increase the adsorption 
capacity of organic pollutants and photocatalytic active sites, thereby 
improving the efficiency of the photocatalytic reaction greatly [12]. 

Graphene owns a 2D carbon network formed by sp2 hybridization 
and attracts much interest because of its unique electrical properties, 
such as high electron mobility, high specific surface area [6,13–16]. 
Owing to these advantages, the photocatalytic performance of the 
photocatalyst/graphene nanocomposites can be improved. Reduced 
graphene oxide (RGO) is the most commonly used precursor of graphene 
due to its abundant surface functional groups. Now there are some re
searches on the list of photocatalyst/RGO nanocomposites, such as 
ZnS/RGO [13], BiOCl/RGO [14], Cds/RGO [17], TiO2/RGO [18], etc. 
So, the preparation of BiOCl/RGO nanocomposites can further improve 
the photocatalytic performance of pure BiOCl. However, few researches 
have focused on how to control particle size and achieve better disper
sion of BiOCl. 

In this study, pure BiOCl were synthesized via the solvothermal 
method, and BiOCl/RGO nanocomposites were synthesized via the 
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hydrothermal method with GO aqueous solution as the precursor. Then 
polyvinylpyrrolidone (PVP) was added in the synthesis process of 
BiOCl/RGO-PVP nanocomposites, and the influences of PVP on the 
morphology of the composites were studied. Besides, the photocatalytic 
properties of the pure BiOCl and two composites were evaluated by 
photodegrading methyl orange (MO) under visible light exposure for 
comparison. 

2. Experimental 

2.1. Preparation 

2.1.1. Solvothermal preparation of BiOCl 
Typically, 3 mmol Bi(NO3)3⋅5H2O was dissolved in 20 ml the glycol 

solution by constant stirring. Additionally, 3 mmol KCl and 1 mmol 
citric acid were dissolved in 20 ml the glycol and deionized water (1:1) 
solution followed by constant stirring. After 30 min stirring, the KCl 
solution was gradually added to the Bi(NO3)3⋅5H2O solution, and the 
mixture was then kept stirring for another 30 min at room temperature. 
The resulting solution was transferred to a 100 ml stainless steel auto
clave, treated at 120 ◦C for 12 h, and then cooled to room temperature. 
The sample was centrifuged, washed several times with distilled water 
and ethanol, and dried at 80 ◦C. Finally, the photocatalyst was ground to 
powder, and the pure BiOCl samples were obtained. 

2.1.2. Preparation of BiOCl/graphene composites 
0.01 g graphene oxide (GO) was dispersed in 10 ml ethanol and 20 

ml deionized water and then sonicated for 30 min. Thereafter, 0.2 g 
BiOCl was added to the above reaction mixture, followed by magnetic 
stirring for 2 h. The mixture was then transferred to a 100 ml 
polytetrafluoroethylene-lined stainless steel autoclave and heated at 
160 ◦C for 3 h. After naturally cooling to room temperature, the obtained 
product was collected and washed thoroughly with deionized water, and 
then washed with anhydrous ethanol. Finally, the sample was dried at 
80 ◦C for 4 h to obtain BiOCl/RGO. The obtained BiOCl/RGO was rep
resented as BR. Additionally, 0.01 g GO and 0.1 g polyvinylpyrrolidone 
(PVP) were dispersed in 10 ml ethanol and 20 ml deionized water, fol
lowed by sonication for 30 min to obtain BiOCl/RGO-PVP. For com
parison, BiOCl/RGO-PVP was also prepared using the same procedure. 
The obtained BiOCl/RGO-PVP was represented as BRP. 

2.2. Characterization 

Raman spectrum was used to analyze the chemical structure of the 

samples. X-ray powder diffraction (XRD) measurement of the samples 
was performed using a German Bruker X-ray diffractometer equipped 
with Cu Kα radiation (λ = 1.541874 Å). The X-ray photoelectron spec
troscopy (XPS) (VG Multilab 2000X, Vacuum Generators, UK) was used 
to investigate the chemical compositions and the molecular structure of 
constituent elements. The X-ray source was Mg ka and the size of the 
analyzed sample area was 500 μm. The base pressure during the analysis 
was 3.0 × 10− 8 Pa. Prior to analysis, the sample was not etched by Ar+. It 
should be noticed that C 1s method based on adventitious carbon used to 
be a conventional method to reference XPS spectra [19–21]. In recent 
years, however, it was reported that the common C 1s method had 
certain risks and might lead to unphysical results [22–24]. Greczynski 
et al. [25] pointed out that the method based on the measurement of 
sample work function should be used to replace the conventional C 1s 
method in order to avoid risks. However, in our case the work function 
could not be well measured using ultraviolet photoelectron spectroscopy 
(UPS), because the samples could not effectively conduct electricity and 
the bias voltage could not be effectively applied for the equipment. Thus, 
the conventional method was adopted by setting C 1s peak at 284.6 eV. 
For this reason results should be treated with the highest degree of 
caution. The morphology and structural characteristics of the samples 
were examined by field emission electron microscopy (FE-SEM, SUPRA 
55), and the accelerating voltage was 15 kV. Transmission electron 
microscopy (TEM, FEI Tecnai F20, FEI CO, USA) analysis was performed 
to characterize the morphology and crystal structure of the samples, and 
the applied acceleration voltage of TEM was 200 kV. 

2.3. Photocatalyst activity measurement 

The photocatalytic activity of the prepared samples was evaluated by 
monitoring the photocatalytic degradation of MO aqueous solution 
under visible light irradiation 25 cm above the beaker. The prepared 
photocatalyst (30 mg) was dispersed in a glass vessel containing 50 ml of 
MO aqueous solution (20 mg/L). The suspension was magnetically 
stirred in the dark for 30 min before light irradiation to achieve an 
adsorption-desorption balance between the photocatalyst and MO. 
Then, 4 ml of the suspension was taken every 10 min during the irra
diation and centrifuged for 5 min. The speed of the centrifuge was 
10,000 rpm. The centrifuged solution was recorded at its maximum 
absorption wavelength. 

In addition, the photocatalytic activity of the catalyst samples was 
also evaluated by comparing the apparent reaction rate constants (k). 
The k could be calculated as: k = (1 /t)⋅ln(C0 /C), where k is the 
apparent reaction rate constant, C0 and C is the initial concentration and 

Fig. 1. (a) Raman spectrum of prepared samples, (b) magnified view of RGO in (a).  
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the reaction concentration of MO solution, respectively. 

3. Results and discussion 

3.1. Phase and structure analysis 

Raman spectra of BiOCl, BR, and BRP are shown in Fig. 1. As can be 
seen (Fig. 1a), there were two characteristic peaks occurred at 155 cm− 1, 
and 211 cm− 1 for the BiOCl sample. For BR and BRP samples (Fig. 1b), 
RGO with obvious D and G peaks could be detected besides the BiOCl 
peaks, indicating the existence of RGO and BiOCl. The D peak at 1369 
cm− 1 represents the SP3 hybrid structure or the SP2 bond hybrid defect 
graphene edge structure as crystal defects and disorder induction. The G 
peak (1614 cm− 1) is generated by the stretching motion of all SP2 atom 
pairs in the carbon ring or long-chain [26]. It is noteworthy that BR and 
BRP samples showed wider and weaker peaks of BiOCl, indicating a 
decrease in crystallinity during the formation of BiOCl complexes [27]. 

Fig. 2a shows the spectrum of Bi 4f, in which the two peaks of pure 
BiOCl at 159.06 eV and 164.26 eV assigned to Bi 4f7/2 and Bi 4f5/2, 
respectively, indicating the existence of Bi–O bonds [28,29]. In addition, 
in Fig. 2b and c BR and BRP showed two small peaks at 163.93, 157.33, 

and 163.74, 157.30, respectively. It is believed that the C–Bi bond 
formed on the GO surface changed the chemical environment of Bi [30]. 
Because the ability of C to get electrons from Bi was much weaker than 
that of O, the binding energy of Bi–C shifted to a lower peak than that of 
Bi–O bond. 

Fig. 2d, e, f show the characteristic peaks of C 1s in BiOCl BR and 
BRP. The C 1s peaks of BiOCl were located at 284.6, 286.4, and 288.32 
eV, corresponding to C–C, C–O, and C––O, respectively. The C 1s peaks 
of BR were located at 284.6, 286.46, and 288.26 eV, corresponding to 
C–C, C–O, and C––O, respectively. The C 1s peaks of BRP were located at 
284.6, 286.39, and 288.10 eV, corresponding to C–C, C–O, and C––O, 
respectively. However, the strength of C–O and C––O groups containing 
oxygen was particularly weak. The results showed that the most of the 
oxygen-containing groups on graphene oxide were reduced in the pro
cess of material synthesis [31,32]. A small peak was found at about 
281.9 eV in Fig. 2e and f, indicating the existence of C–Bi bonds in the 
composite system [33]. It can be seen that the formed C–Bi chemical 
bond replaced the oxygen-containing group on GO, which further 
reduced GO and increased the proportion of sp2-hybrid C atom, which 
could increase the electron mobility on graphene [34]. In Fig. 2g, h, i, 
the O 1s core-level spectrum of BiOCl, BR, and BRP all showed a peak 

Fig. 2. XPS spectra: (a, b, c) Bi 4f of BiOCl, BR, and BRP, (d, e, f) C 1s of BiOCl, BR, and BRP, (g, h, i) O 1s of BiOCl, BR, and BRP.  

F.Q. Li et al.                                                                                                                                                                                                                                     



Vacuum 184 (2021) 109857

4

with a binding energy of about 530 eV, which were related to Bi–O bond. 
The peak positions are about 531.5, 532.4 and 533.7 eV, corresponding 
to the Cl–O, C––O and C–O in XPS. 

The XRD patterns of as-prepared a series of pure BiOCl, BR and BRP, 
composite are shown in Fig. 3. (001), (002), (101), and (110), etc were 
the characteristic crystal planes of BiOCl. The diffraction peaks of all the 
samples were basically the same, Therefore, adding graphene did not 
change the crystalline phase of BiOCl [35]. It is known that the typical 
peak value of RGO is at 2θ = 26◦. However, it is noteworthy that only 
single-phase BiOCl peaks appeared in the pattern of the composites, and 
no diffraction peak of RGO could be observed. This is because the con
tent of RGO was too small to be detected [36,37]. 

3.2. Microscopic morphology analysis 

SEM image of GO in Fig. 4a shows that the GO flakes are covered 
with folds, indicating the small thickness of the GO. For BiOCl in Fig. 4b, 
the SEM images clearly show that the fabricated BiOCl samples were 3D 
flower-like microspheres, and the diameters of regular spheres were 
about 1.2–2.1 μm. The magnified image in Fig. 4c indicates that the 
microspheres were self-assembled by many smaller sheets. 

In Fig. 4d, after GO was added to the reaction system, BiOCl samples 
were no longer uniformly spheres and many dispersed BiOCl could be 
observed on the RGO. This could be due to the interaction between the 
oxygen functional groups and the hydroxyl groups of RGO, which firmly 
bonded BiOCl. However, many large BiOCl microspheres could still be 
observed. Fig. 4e shows that the morphology of the BiOCl changed after 
adding PVP. The number of large microspheres decreased a lot, and 
more BiOCl were dispersed on the RGO, proving that PVP played a role 
in preventing polymerization. 

TEM images in Fig. 5 agree well with the SEM results shown in Fig. 4. 
For the pure BiOCl sample (Fig. 5a), the dispersed BiOCl was observed 
and exhibited obvious aggregation. It should be noted that the BiOCl 
was vibrated in alcohol by ultrasonic and fished out by copper net when 
making the TEM sample, which could destroy the 3D flower-like 
morphology of BiOCl. Therefore, the BiOCl in the TEM image was no 
longer the perfectly uniform 3D flower-like sphere. 

For the BR sample (Fig. 5b), many BiOCl were distributed on the 
RGO. BR showed a well-ordered structure, which indicates that RGO was 
beneficial to crystal growth. For the BRP sample (Fig. 5c), the number of 
BiOCl adhered to the surface of RGO layer increased significantly. 

Fig. 3. XRD pattern of the three different composite samples.  

Fig. 4. SEM images of prepared samples: (a) GO, (b, c) BiOCl, (d) BR and 
(e) BRP. 

Fig. 5. TEM (a) BiOCl, (b) BR and (c) BRP; (d) HRTEM of BiOCl in BRP, the 
insert is the FFT of SAED pattern. 
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Further, the size of BiOCl was smaller and more uniform than those in 
the BR sample. This indicates that adding PVP could refine the size of 
BiOCl and inhibit their agglomeration. Fig. 5d showed the correspond
ing HRTEM image of BiOCl. Several lattice stripes with different lattice 
distances of 0.33 nm and 0.22 nm were observed clearly, which could be 
attributed to the (101) and (112) planes of tetragonal BiOCl. 

3.3. Characterization of photocatalytic activity 

The photocatalytic properties of MO degradation via the prepared 
samples were tested in the presence of visible light, and the MO con
centration of different composites as a function of irradiation time are 
shown in Fig. 6a, and the degradation rates are also listed in Table 1. The 
test indicates that the degradation of MO via pure BiOCl was slow, and 
the degradation rate of pure BiOCl was only 78.9% in 50 min. For BR 
sample, the degradation rate of MO increased to 90.9% as illumination 
was performed for 50 min. By comparing, BRP exhibited the highest 

photocatalytic performance in the three samples, and its degradation 
rate reached 94.9% in 50 min. 

This could explain as follows. On one hand, a lot of contaminant 
molecules could adsorb on the surface of RGO, accelerating the degra
dation efficiency. On the other hand, RGO could prevent the polymeri
zation of BiOCl and relax the agglomeration, thereby increasing the 
efficiency of photo-generated carriers. Therefore the visible light pho
tocatalytic activity: BR > BiOCl. The addition of PVP could refine the 
size of BiOCl and increase the number of BiOCl adhered onto RGO 
surfaces. Therefore the visible light photocatalytic activity: BRP > BR. 

The photocatalytic degradation of MO by the nanocomposites under 
visible light obeyed pseudo-first-order kinetics concerning the concen
tration of MO: 

ln ​
(

C0

C

)

= k × t  

where C and C0 are the concentration at irradiation time t and the initial 
time, respectively; k is the degradation rate constant. The photo
degradation linear plots of ln (C0/C) vs. t (time) for MO are shown in 
Fig. 6b, and the calculated values of k are shown in Fig. 6c and Table 1. It 
is noted that the degradation rate constant (k) of BRP was 0.06205 
min− 1, which was much higher than other samples. 

Based on the above analysis, it can be seen that adding graphene 
sheet as the support material for the BiOCl catalyst could enhance the 

Fig. 6. (a) Photodegradation of MO by BiOCl, BR, BRP, (b) and (c) MO different catalyst photodegradation and quasi-first-order kinetic data quasi-first-order rate 
constants (k). 

Table 1 
Photocatalytic kinetic parameters of prepared materials.  

Sample Rate constant (min− 1) Degradation rate (%) 

BiOCl 0.03227 78.9 
BR 0.04874 90.9 
BRP 0.06205 94.9  
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photocatalytic activity. It also shows that the proper addition of PVP 
during the synthesis process could further improve the photocatalytic 
activity. 

3.4. Photocatalytic mechanism 

BiOCl receives a certain amount of external energy and photo
catalytic degradation of MO, that is, the external energy of the electron 
receivers located on the BiOCl conduction band is stimulated to the 
valence band. The resulting electron-hole pairs can produce active free 
radicals with strong oxidation ability, such as OH. The mechanism of 
RGO improving the photocatalytic activity is as follows. The chemical 
bonding interface between RGO and BiOCl can effectively reduce the 
energy barrier in the grain boundary region, promote electron transfer, 
and improve the separation efficiency of electrons and holes [38,39]. 
The electron has a very fast migration speed in graphene [40], so the 
chemical bonding interface between RGO and BiOCl can effectively 
reduce the energy barrier in the grain boundary region, promote elec
tron transfer and improve the separation efficiency of electron - hole. 
The generated electrons combine with O and H to produce OH. The 
existence of holes can take away the electrons and OH-, and produce 
active free radicals with strong oxidation ability, such as OH. The cor
responding photocatalytic properties are as follows:  

BiOCl + hv → BiOCl ( e-
cb+h+vb )                                                    (1)  

e-
cb+ RGO → RGO ( e-

cb)                                                                (2)  

RGO (e-
cb ) + O2 → RGO +•O2-                                                       (3)  

•O2- + H+ → HOO• (4)  

HOO• + H+ +e-
cb → H2O2                                                               (5)  

H2O2 +e-
cb → OH- + HO• (6)  

h+vb + OH- → HO• (7)  

HO•, HOO•, H2O2&•O2- + MO → CO2 + H2O                                  (8) 

Besides the above reason, RGO had the function of a large planar 
carrier, which could load BiOCl well and prevent polymerization. This 
means that the agglomeration of BiOCl could be significantly relaxed. As 
the result of the above reasons, the photocatalytic activity of BR was 
much better than that of the pure BiOCl. By the incorporation of PVP, the 
size of BiOCl was refined and the number of BiOCl adhered to the RGO 
was also significantly increased. And thus, the photocatalytic activity of 
BRP sample was the best among the three samples. 

4. Conclusions 

In summary, BiOCl/RGO and BiOCl/RGO-PVP photocatalysts were 
respectively prepared through a facile hydrothermal method. Some of 
the conclusions can be drawn as follows:  

(1) BiOCl were successfully synthesized in this work. However, the 
BiOCl were agglomerated into 3d flower-like microspheres in the 
pure BiOCl, while many of BiOCl were uniformly adhered onto 
RGO in the BiOCl/RGO. For the BiOCl/RGO-PVP sample, the 
BiOCl 3D flower-like microspheres were significantly refined and 
more BiOCl were adhered onto the surface of RGO.  

(2) The pure BiOCl showed a weak photocatalytic activity for the 
degradation of MO under visible light irradiation, with a rate 
constant of 0.03227 min− 1. The BiOCl showed an increased 
photocatalytic activity, with a rate constant of 0.04874 min− 1. 
The obtained BiOCl/RGO-PVP composite had the best photo
catalytic activity, with a rate constant of 0.06205 min− 1.  

(3) The enhancement of the photocatalytic activity of the BiOCl/RGO 
was mainly attributed to the improved separation efficiency of 

electrons-holes resulted from the addition of RGO and the for
mation of C–Bi bond. Adding PVP could refine the size of BiOCl 
and increased the number of BiOCl adhered onto RGO surfaces, 
thereby achieving the best photocatalytic activity. 
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