
Vol.:(0123456789)1 3

Journal of Materials Science: Materials in Electronics (2019) 30:12769–12782 
https://doi.org/10.1007/s10854-019-01642-0

Construction of Z‑scheme BiOI/g‑C3N4 heterojunction with enhanced 
photocatalytic activity and stability under visible light

Yuzhen Li1,2  · Zhen Li1 · Lizhen Gao1,3

Received: 24 March 2019 / Accepted: 1 June 2019 / Published online: 8 June 2019 
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
BiOI/g-C3N4 binary catalysts with different loading ratios were prepared by a mild one-step stirring method. The opti-
mum loading ratio of BiOI was selected by photocatalytic degradation of 20 mg/L methyl orange (MO) under visible light 
irradiation. The experimental results of photocatalytic degradation of MO indicated that the loading of BiOI improves the 
photocatalytic performance of g-C3N4. The structure and morphology of the catalyst were examined by X-ray diffraction 
(XRD), transmission electron microscopy (TEM), ultraviolet–visible (UV–vis) diffuse reflectance spectroscopy (DRS), pho-
toluminescence spectroscopy (PL) and fourier transform infrared spectroscopy (FT-IR). The characterization results showed 
that BiOI and g-C3N4 were well complexed together, the Z-type heterojunction between them increased the utilization of 
visible light by g-C3N4 and reduced the recombination rate of photogenerated electron–hole pairs. In addition, the effects of 
catalyst loading, initial concentration of solution and initial pH on the photocatalytic degradation of MO by BiOI/g-C3N4 
under visible light were explored. As a result, it was found that the optimum dosage of the binary catalyst was 1.25 g/L, and 
the photocatalytic efficiency against MO decreased as the initial concentration increased. In addition, the initial pH of the 
MO solution had a complicated effect on the photocatalytic efficiency of the binary catalyst, which was related to the exist-
ence form of MO in different environments. Finally, the main factors of photocatalytic degradation of MO were confirmed 
by free radical trapping experiments. Based on the results, the possible mechanism of photocatalytic degradation of MO by 
BiOI/g-C3N4 was inferred. Enhanced visible light photocatalytic activity was obtained due to light trapping of photogenerated 
carriers, high transfer efficiency, and enhanced separation efficiency by Z-type heterojunction.

1 Introduction

The development of science, technology and industry has 
promoted the progress of society and made people’s lives 
more convenient and faster, but at the same time caused 
damage to the natural environment and brought about short-
age of resources. The serious shortage of clean water and 
energy has seriously hampered economic and social devel-
opment [1]. The problem of energy shortage and environ-
mental pollution has become a problem that threatens the 

world. In particular, the shortages of water resources and 
water pollution have already affected people’s daily lives. 
Therefore, how to reduce water pollution has become an 
issue of concern to all countries.

Organic dyes are toxic contaminants that are commonly 
found in the waste streams released in textiles, leather, cos-
metics, printing, pharmaceuticals, food processing and rub-
ber processing industries [2]. These dyes enter the natural 
world with the waste water discharged from the factory, and 
have direct and potential toxicity to humans, animals, plants 
and aquatic organisms [3]. To remove organic dyes from 
sewage, many methods are used, such as biological treatment 
such as activated sludge [4], physical methods such as physi-
cal adsorption [5], and chemical methods such as Fenton 
oxidation [6]. However, these methods have obvious draw-
backs. The activated sludge method can only remove waste 
water with a low concentration of contaminant. The physi-
cal method can only remove waste water containing large 
particles. The operation of the chemical oxidation method 
is complicated and costly. Therefore, the photocatalytic 
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degradation method has attracted people’s attention due to 
its convenient operation, good adaptability to pollutants, and 
low cost [7, 8].

Since the Japanese scientists Fujishima and Honda dis-
covered in 1972 that the rutile type  TiO2 single crystal elec-
trode was able to decompose water into hydrogen and oxy-
gen at normal temperature and atmospheric pressure [9]. It 
has also been defined as the beginning of the photocatalysis 
technology.  TiO2 has high photocatalytic activity, good sta-
bility, and low cost, and was considered to be an attractive 
photocatalytic degradation dye [10]. However,  TiO2 also has 
defects. First of all, it has low utilization rate of solar light, 
and its own band gap is wide which reaches 3.2 eV and can 
only absorb and use ultraviolet light [11]. In addition, its 
electron hole recombination rate is high, which greatly limits 
its photocatalytic degradation effect [12].

In order to solve these major defects of  TiO2, the explo-
ration of photocatalyst based on semiconductor materials 
has become the theme of people. Among the many photo-
catalytic materials, g-C3N4 is one of the most interesting 
catalysts in recent years. It is considered as the next genera-
tion photocatalyst in the field of environmental remediation 
[13]. As a metal free polymer photocatalyst, it shows a series 
of excellent characteristics, such as high chemical stability 
and thermal stability, low cost, abundant reserves, flexible 
supramolecular network, and can easily adjust the properties 
of the material by exchanging the chemical structure of the 
skeleton [14, 15]. In addition, because of its narrow band 
gap (2.7 eV), solar energy can be utilized more efficiently 
[16].

Although g-C3N4 has excellent catalytic function, at the 
same time, it also has the disadvantages of high photoelec-
tron–hole pair recombination rate. Therefore, it is necessary 
to explore how to reduce the photoelectron–hole pair recom-
bination rate and increase its photocatalytic efficiency. The 
construction of a semiconductor and semiconductor hetero-
junction can promote the separation of photogenerated elec-
trons and holes, thereby enhancing the photocatalytic per-
formance of semiconductor photocatalysts. A large number 
of semiconductor materials can be combined with g-C3N4 to 
form semiconductor heterojunctions, including metal oxides, 
multi-component oxides, metal oxynitrides, metal sulfides, 
germanium-based compounds, silver-based compounds, and 
organic semiconductors [17–21]. Chen et al. [22] used acid-
treated  SrWO4/g-C3N4 as precursor and successfully pre-
pared a novel hierarchical sheet-on-sheet  WO3/g-C3N4 com-
posite by a simple calcination method. The photocatalytic 
activity was detected by photocatalytic degradation of rho-
damine B under simulated sunlight irradiation. It was found 
that the degradation rate of rhodamine B by the novel binary 
materials was 6.5 and 3.0 times than that of monomers  WO3 
and g-C3N4, respectively. It is speculated that the photocata-
lytic activity enhancement of the composite was attributed 

to the formation of delaminated heterostructure, which 
provided a larger specific surface area, better visible light 
absorption capacity, and reduced photoinduced electron-hole 
pair recombination and enhanced separation efficiency of 
charge carriers. Chen et al. [23] used a simple hydrothermal 
route to in situ  MnIn2S4 nanosheets on the surface of g-C3N4 
to prepare a series of direct Z-scheme  MnIn2S4/g-C3N4 pho-
tocatalyst nanosheets without electron media, which can be 
used to degrade pharmaceutical wastewater and hydrogen 
generation under visible light. The experimental results 
showed that these Z-scheme heterostructure photocatalysts 
exhibit higher photocatalytic activity than single-component 
samples. The increase of photocatalytic activity was mainly 
attributed to the construction of Z-scheme  MnIn2S4/g-C3N4 
architectures, which effectively accelerated the transfer and 
separation of photogenerated charge carriers via tight inter-
face contacts built among these two components.

Among many semiconductor materials used for modifi-
cation, the bismuth salt photocatalyst has high photoelec-
tric conversion efficiency and can achieve high utiliza-
tion efficiency of sunlight, such as  Bi2WO6, BiOBr, BiOI 
and  BiVO4 are potential photocatalysts with high stabil-
ity and photocatalytic activity [24–26]. These Bi-based 
oxides have a hybridized valence band that facilitates the 
transport of photogenerated holes [27]. At the same time, 
due to the interaction of the two semiconductors, a high 
separation rate of photoinduced electron-hole pairs can be 
achieved [28]. Three element oxide semiconductor, bis-
muth halide, can effectively induce photoelectron hole pair 
separation and achieve high photocatalytic performance 
due to its unique hierarchical structure. Among them, BiOI 
has the smallest band gap (1.85 eV), which can maximize 
the use of sunlight [29].

Furthermore, the well-matched band position of g-C3N4 
and BiOI was presented, indicated by the highly posi-
tive valence band (VB) of BiOI and the highly negative 
conduction band (CB) of g-C3N4. Through the efficient 
heterojunction transfer, the corresponding charge carrier 
lifetime would be significantly prolonged, resulting in an 
enhanced visible light photocatalytic performance. Thus 
BiOI/g-C3N4 binary system was taken into investigation 
in this work.

Among many organic dyes, methyl orange (MO) is a 
representative anionic dye which is obtained by coupling 
diazotization with p-aminobenzenesulfonic acid and N,N-
dimethylaniline. It is commonly used in textiles, laboratory 
experiments and other commercial products. In addition, due 
to the different forms of MO in different environments, it is 
easy to explore the degradation efficiency of photocatalytic 
materials in different practical situations.

Herein, the research objective of this paper was that 
g-C3N4 prepared with urea as precursor was selected as the 
substrate and modified with BiOI. The effect and mechanism 
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of BiOI/g-C3N4 on photocatalytic degradation of organic 
dyes were investigated using MO as the target pollutant. The 
optimum loading proportion of BiOI was determined, and on 
this basis, the amount of catalyst added, the initial concen-
tration and the initial pH of MO were investigated. Finally, 
the trapping experiment was used to find the active factors 
that play a major role in the photocatalytic process, and the 
possible mechanism of photocatalytic degradation of methyl 
orange was inferred.

2  Experimental section

2.1  Materials

Urea  (H2NCONH2, 99%) was purchased from Tianjin 
Damao chemical reagents factory. Bi(NO3)3·5H2O (99%) 
was provided from Tianjin Kaitong Chemical Reagent Co., 
Ltd. KI (99%) and MO was supplied from Tianjin Guangfu 
Technology Development Co., Ltd. Glycol ((CH2OH)2) 
was got from Tianjin Jinfeng Chemical Co., Ltd. Metha-
nol  (CH3OH) and ammonium oxalate (AO) (99.5%) were 
obtained from Tianjin Zhiyuan Chemical Reagent Co., Ltd. 
Benzoquinone (BQ) (99%) was purchased from Tianjin 
Qinghua Jinying Technology Co., Ltd. Tert-butyl alcohol 
(TBA) was supplied from Tianjin Beichen Founder Rea-
gent Factory. All chemicals were analytical grade and used 
without further purification. Distilled water was used in the 
experimental processes.

2.2  Preparation of catalysts

G-C3N4 was prepared using urea as a precursor in the 
previous method [30]. BiOI was prepared by a hydro-
thermal method [31]. In a typical synthesis, 0.8 mmol of 
Bi(NO3)3·5H2O was dissolved in 38 mL of glycol to form a 
solution A with constant stirring. Simultaneously, 0.8 mmol 
of KI was dissolved into 2 mL of glycol to form a solution 
B with stirring. Then, the solution B was dropwise at a rate 
of 10 d/min added into solution A within 30 min stirring, 
resulting in the formation of mixed solution. The mixture 
was then transferred to a 50 mL of Teflon lined autoclave. 
The autoclave was heated at 120 °C for 6 h and then cooled 
to room temperature. The solid was collected and washed 
several times with absolute ethanol, then dried at 60 °C for 
6 h, and finally the brick red powder was obtained noted as 
BiOI.

BiOI/g-C3N4 was prepared by a mild agitation method. 
Specifically,1 g of g-C3N4 was added to 50 mL of methanol, 
placed in an ultrasonic machine for 30 min to disperse it, and 
then a certain amount of BiOI was added into above solu-
tions and stirred in a fume hood for 24 h until the methanol 
was volatilized. Finally, the remaining solid was dried at 

100 °C to obtain BiOI/g-C3N4. BiOI/g-C3N4 hybrid photo-
catalysts with different weight ratios of BiOI were prepared. 
5% BiOI/g-C3N4, 10% BiOI/g-C3N4, 15% BiOI/g-C3N4, 20% 
BiOI/g-C3N4, 30% BiOI/g-C3N4 and 40% BiOI/g-C3N4 were 
prepared and denoted as 5BCN, 10BCN, 15BCN, 20BCN, 
30BCN, and 40BCN, respectively. The synthesis process 
of BiOI/g-C3N4 samples was seen in Scheme  1 as the 
following:

2.3  Characterization

The composition and crystal form of samples were recorded 
by powder X-ray diffractometer (XRD, LABXRD-6000, 
Japan) with Cu Kα as a radiation source. The morphology 
and the size of the as-prepared samples were observed by 
a JEM-2500SE (Japan) transmission electron microscope 
(TEM) at an operating voltage of 200  kV. UV–Visible 
Diffuse Reflectance Spectroscopy (DRS) was tested on a 
Hitachi SU-3100 spectrophotometer (Japan) using  BaSO4 
as a reference. The luminescence properties of the samples 
were tested using a Shimadzu RF-6000 fluorescence spec-
trophotometer (PL, Japan) with an excitation wavelength 
of 380 nm. The structural information of the samples was 
measured by a Fourier transform spectrophotometer (FT-IR, 
NICOLET iS10, Thermo Scientific) using a standard KBr 
disk method. The scanning range was 400 to 4000/cm, the 
resolution was 4, and the number of scanning times was 20.

2.4  Photocatalytic activity

The experiment selected MO as the target contaminant to 
detect the photocatalytic property of BiOI/g-C3N4. The pho-
todegradation reaction was carried out in a 300 mL reactor 
and the outside was surrounded with cold water to stabi-
lize the reaction temperature at room temperature. A 300 W 
xenon lamp with a 420 nm filter was used as the reaction 

Scheme 1  Schematic representation of the synthesis process of BiOI/
g-C3N4 samples



12772 Journal of Materials Science: Materials in Electronics (2019) 30:12769–12782

1 3

light source. The operating voltage was 14 V and the operat-
ing current was 15 A. The distance between the light source 
and the reactor is 5 cm. The bottom of the reactor is a mag-
netic stirrer. Magneton was added in the reactor to facilitate 
stirring of the solution during the reaction. The concentra-
tion of MO was mainly 20 mg/L and 250 mL of solution was 
used for each degradation test. Each time the catalyst was 
weighed in a certain proportion, the catalyst is added into the 
prepared MO solution, and the ultrasound was dispersed for 
10 min and then placed in a dark box for dark reaction. After 
the adsorption–desorption equilibrium is reached, the lamp 
was turned on for illumination reaction. Samples of 10 mL 
were taken every 20 min and centrifuged at 10,000 rpm for 
two more centrifugations every 5 min to ensure complete 
separation of the catalyst and reaction time is 120 min. The 
supernatant after separation was tested for absorbance on 
an ultraviolet–visible spectrophotometer (UV-1800PC). The 
maximum absorption wavelength of MO was 465 nm.

In addition, to investigating the effect of the loading 
amount of BiOI on the photocatalytic performance of 
BIOI/g-C3N4, the dosage of the catalyst, the effect of the 
initial concentration and the initial pH of MO were also 
explored on the photocatalytic performance. In particular, 
when exploring the effect of initial pH on photodegradation 
of MO, HCl and NaOH were selected as the reagents for 
adjusting the pH of the solution. The effect of catalyst addi-
tion on the pH of the solution should be considered before 
the experiment.

3  Results and discussion

3.1  Enhancement of photocatalytic activity

MO with concentration 20 mg/L was used as the target pol-
lutant to detect the influence of the amount of BiOI loaded in 
g-C3N4 on the degradation of MO. The mass ratios of BiOI 
selected are 5%, 10%, 15%, 20%, 30% and 40%, respectively. 
Under the same experimental conditions, the effects of load-
ing amount of BiOI on BiOI/g-C3N4 on the degradation of 
MO were compared.

The photodegradation efficiency of the MO was calcu-
lated according to Eq. (1):

where: C0 is the initial concentration of the dye, and C is 
the concentration of MO after time t. The experimental 
results are shown in Fig. 1. It can be seen from the diagram 
that with the increase of BiOI loading amount, the dark 
adsorption capacity of BiOI/g-C3N4 to MO also increased. 
As the loading ratio of BiOI increased from 0 to 30%, the 
adsorption amount of catalyst to MO increased from 16.02 

(1)� =
C

C0

to 53.17%, and the final decolorization rate of MO solution 
increased from 54.31 to 91.14%. When the loading ratio 
of BiOI reached 40%, the dark adsorption capacity of the 
catalyst to MO is 83.31%, and most of the pollutants were 
adsorbed, and the final removal effect of photocatalysis was 
96.31%. The reason why the amount of dark adsorption 
increase as the loading amount of BiOI increase was because 
of the excellent adsorption performance of BiOI for MO. 
The dark adsorption of pure BiOI to 20 mg/L MO reached 
97.11%, and the final removal rate was 97.9%. This meant 
that the removal of MO by BiOI was mainly by adsorption 
and did not degrade MO. The dark adsorption of 15BCN 
compared to BiOI was reduced, and its removal of MO was 
mainly photocatalytic degradation. The larger dark adsorp-
tion of BiOI to MO may be due to its larger specific surface 
area [32]. In addition, the change in surface charge after 
g-C3N4 was combined with BiOI also leads to an increase 
in the dark adsorption amount of MO. In order to determine 
the effect of the amount of BiOI loading on the degradation 
effect, the following formula was used to calculate the first 
order rate constant (kobs) of BiOI/g-C3N4 with different BiOI 
loading ratio [33]:

In which, C and C0 are concentrations of MO in time of t 
and zero, respectively and the results were shown in Fig. 2. 
The interaction between g-C3N4 and BiOI increased their 
kobs values. With the increase of BiOI loading (the mass 
ratios of BiOI from 5 to 20%), the first order rate constant 
of BiOI/g-C3N4 also increased. When the mass ratio of BiOI 
reached 20%, the first order rate constant of BiOI/g-C3N4 
degradation of MO reached its peak. And then, with the 

(2)kobs = −
1

t
ln

(

C

C0

)

Fig. 1  The photocatalytic efficiency of MO over the g-C3N4, 5BCN, 
10BCN, 15BCN, 20BCN, 30BCN, 40BCN and BiOI
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increase of BiOI loading ratio (the mass ratios of BiOI from 
20 to 40%), the first order rate constant of BiOI/g-C3N4 
degradation of MO began to decrease. This may because 
the content of BiOI exceeds 20% amount, the BiOI will 
decrease the light absorption of g-C3N4, and reduce the 
rate of generation of photoexcited charge carriers. Another 
reason may be the dark adsorption amount of BiOI/g-C3N4 
increased as the amount of BiOI doping increased. So the 
photocatalytic performance is reduced. The kobs of g-C3N4, 
5BCN, 10BCN, 15BCN, 20BCN, 30BCN, 40BCN and BiOI 
were 5.07 × 10−3, 8.67 × 10−3, 10.46 × 10−3, 10.94 × 10−3, 
14.25 × 10−3, 13.87 × 10−3, 12.57 × 10−3 and 5.16 × 10−3 min, 
respectively.

The kobs of 20BCN was the largest, but the dark adsorp-
tion of 20BCN to 20 mg/L MO reached 51.08%. In order to 
reduce the effect of dark adsorption on the photocatalytic 
effect of BiOI/g-C3N4, the 15BCN was chose as the best 
loading catalyst for subsequent experiments.

3.2  Characterization

3.2.1  Phase structures and morphology

XRD was used to determine the phase structure of the 
samples. The XRD patterns of g-C3N4, BiOI and 15BCN 
were shown in Fig. 3. As we can see, pattern of the g-C3N4 
sample revealed two distinct diffraction peaks at 27.61° 
and 12.94°, which could be indexed to the (002) and (100) 
diffraction planes of the graphite-like carbon nitride [34], 
and the two peaks correspond to the characteristic inter-
planar stacking peaks of aromatic systems and interlayer 
structural packing, respectively, which were the same as 
in the previous study [35]. On the XRD pattern of BiOI, 
the strong diffraction angles 2θ at 11.56°, 29.48°, 31.87°, 
45.53° and 55.17° could be assigned to the (001), (102), 

(110), (200) and (212) crystal planes of pure BiOI, respec-
tively, which were consistent with the standard card of 
tetragonal phase BiOI (space group: p4/nmm (129), 
JCPDS file No. 73-2062). On the XRD pattern of 15BCN, 
it was found that (002) and (100) diffraction planes cor-
responding to g-C3N4 and (001), (102), (110), (200) and 
(212) crystal planes corresponding to BiOI, respectively. 
And it was found no other peaks, showing that the two 
materials were well loaded together and the high purity 
of the as-prepared samples. At the same time, the peaks 
of the loaded material decreased at each diffraction plane 
could be clearly seen, the weakening of the peaks might 
be due to the agglomerate of BiOI [36].

The morphology and microstructure of pure g-C3N4 
and the binary 15BCN catalyst was investigated by TEM. 
Figure 4a, b showed TEM photographs of g-C3N4 and 
Fig. 4c–f showed TEM photographs of 15BCN. As can 
be seen from Fig. 4a, b, g-C3N4 was a multi-layered sheet 
structure, which could increase the specific surface area 
of catalyst and increased the adsorption capacity, which 
was consistent with the results shown in Fig. 4c, d. The 
BiOI particles were attached to the g-C3N4 sheet and had 
a size of about 50 nm, similar to the study of the former 
[37]. The high-resolution TEM images of 15BCN were 
shown in Fig. 4e, f. The d value of 0.302 nm obtained 
by calculation corresponded to the (102) plane of BiOI 
[38]. The lattice spacing of g-C3N4 could also be clearly 
observed and determined to be 0.325 nm, corresponding 
to the (002) plane [39]. This further showed that BiOI was 
well attached to g-C3N4, which was consistent with the 
analysis results of XRD.

Fig. 2  The degradation rate constant of MO over the g-C3N4, 5BCN, 
10BCN, 15BCN, 20BCN, 30BCN, 40BCN and BiOI

Fig. 3  XRD patterns of g-C3N4, BiOI and 15BCN
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3.2.2  Optical absorption properties

The optical absorption and energy band feature of a semi-
conductor are important factors determining its photocata-
lytic performance. The optical absorption properties of 
g-C3N4, BiOI and 15BCN were detected through UV–Vis-
ible diffuse reflectance spectroscopy, and the results were 
shown in Fig. 5a. It was obvious that the absorption wave-
lengths of pure g-C3N4, BiOI and 15BCN displayed distinct 
absorption in the visible-light region. From the Fig. 5, it 
could be seen that the light absorption band of pure g-C3N4 
was around 470 nm, which was the same as the previous 
report [8]. And the light absorption band of pure BiOI was 
around 660 nm, which was similar to previous reports [31]. 
These results showed that they can both absorb and utilize 

visible light. Interestingly, the light absorption band of 
15BCN had reached about 550 nm, the absorption within 
the visible light range apparently increased and a red shift 
appeared compared with that of pure g-C3N4. The absorption 
intensity of the 15BCN was higher than that of pure g-C3N4 
in UV-light region, showing that the preparation of 15BCN 
could greatly improve the optical absorption property and 
increase the utilized efficiency of solar light, which were 
favorable for the enhancement of the photocatalytic activity.

Because of the intensive absorptions in the visible region, 
the 15BCN nanocomposites could have remarkable photo-
catalytic activity under the visible-light irradiation. The 
band gap energy of the prepared catalysts could be calcu-
lated by the following formula:

Fig. 4  TEM images of a, b g-C3N4 and c–f 15BCN
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where: α is the absorption coefficient and Eg is energy band 
gap of the samples, h, v and A are the planck constant, opti-
cal frequency and constant, respectively. n depends on the 
characteristics of the transition in a sample (direct transition: 
n = 1; indirect transition: n = 4). Pure g-C3N4 and pure BiOI 
are both indirect semiconductors, and their values of n are 4 
[40, 41]. The Eg values are estimated by extrapolation of the 
linear part of the curves obtained by plotting (αhv)1/2 versus 
hv, as shown in Fig. 5b. From the Fig. 5b, it was notable that 
the band gaps of g-C3N4 and BiOI were 2.74 eV and 1.94 eV, 
respectively, which were similar to the results of previous 
reports [42, 43]. The band gap of 15BCN was 2.66 eV, and 
the band gap was narrowed by about 0.08 eV compared with 
pure g-C3N4, which reduced the barrier height to be over-
come in the transfer of internal electrons, accelerated the 
electron transfer inside the catalyst, and prolonged the life-
time of electron–hole pairs, which subsequently resulted in 

(3)�hv = A(hv − Eg)
n

2

an enhanced photocatalytic activity. The valence band (VB) 
potential of all samples could be calculated theoretically by 
the following formula [44]:

Among them, EVB is the valence band potential of the sam-
ple. X is the electronegativity of the sample, which is the 
geometric mean of the electronegativity of the constituent 
atoms. Ec is the energy of the free electrons on the hydro-
gen scale (about 4.5 eV Vs NHE) [31]. Eg is the band gap 
energy of the sample. By querying, the electronegativity of 
g-C3N4 and BiOI were 4.72 eV and 6.21 eV, respectively. 
Therefore, by calculated that the valence band potentials of 
g-C3N4 and BiOI were 1.59 eV and 2.68 eV, respectively. 
The conduction band edge potential (ECB) could be calcu-
lated by ECB = EVB − Eg and the ECB of g-C3N4 and BiOI 
were − 1.15 eV and 0.74 eV, respectively. These results were 
similar to previous reports [11, 45, 46].

In order to reflect the transition and separation rate of 
photogenerated electron–hole pairs, the samples were tested 
using fluorescence spectrophotometer with an excitation 
wavelength of 380 nm which were shown in Fig. 6. The 
lower PL intensity indicated that the charge separation of 
photogenerated electron–hole pairs was better, because the 
observed PL emission peaks were attributed to the radiation 
recombination process of any self-trapping exciton [37]. As 
can be seen from the Fig. 6, the spectrum of g-C3N4 showed 
a strong intensity of emission peak at 475 nm, indicating 
rapid recombination of electrons and holes. The intensity of 
the emission peak of BiOI at the same position was very low, 
which indicated that BiOI had an ultra-low electron–hole 
recombination rate. For the 15BCN binary photocatalyst, it 
could be seen from Fig. 6 that the intensity of the emission 

(4)EVB = X − Ec + 0.5Eg

Fig. 5  a UV–vis diffuse reflectance spectra and b plots of (αhν)1/2 vs. 
hν of g-C3N4, BiOI and 15BCN

Fig. 6  PL spectra under the excitation wavelength of g-C3N4, BiOI 
and 15BCN excited by 380 nm
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peak at the same position was significantly lower than that of 
g-C3N4. This indicated that the photogenerated electron–hole 
pairs of the composite catalysts were effectively separated, 
the recombination rate was reduced, and the electron–hole 
pairs had a longer life. These results were different from 
the usual PL measurement results and they showed that the 
photoexcited carriers in the 15BCN hybrid migrated accord-
ing to a Z-scheme transfer mechanism. Under visible light 
irradiation, both BiOI and g-C3N4 were excited, and pho-
togenerated electrons on their VB were transferred to their 
CB, leaving holes on VB. The electrons on the CB of BiOI 
and the holes on the VB of g-C3N4 recombined to produce 
a relatively high PL emission intensity, in which strongly 
reduced electrons on the CB of g-C3N4 and strong oxidized 
holes on the VB of BiOI participated in the photocatalytic 
reaction [47]. It could be proved that the heterojunction of 
BiOI and g-C3N4 can serve as an active center for reducing 
the photoelectron-hole pair recombination, thereby improv-
ing the photocatalytic efficiency of the catalyst. The results 
of the photoluminescence spectroscopy also confirmed that 
the results obtained by the UV–visible diffuse reflectance 
spectra were correct.

3.2.3  FT‑IR spectra analysis

To further determine the presence of the different chemical 
functional groups of the samples. G-C3N4 and 15BCN were 
characterized by FT-IR spectroscopy, and the FT-IR analysis 
results of the samples were shown in Fig. 7. It could be seen 
from the FT-IR spectrum of g-C3N4 that the characteristic 
peaks were mainly concentrated in the range of 500 ~ 1700/
cm. The peaks at 1247, 1334, 1414, 1568 and 1642/cm cor-
responded to the typical stretching mode of the C–N hetero-
cycle [48]. In addition, a peak at 3164/cm could be clearly 
observed, which corresponded to the stretching mode of 

-NH [49]. The characteristic peak at 808/cm belonged to 
the stretching vibration mode of the thiazine ring unit from 
g-C3N4 [50]. These indicated that the purity of the monomer 
g-C3N4 was high. The characteristic peaks of monomeric 
g-C3N4 were also found on the FT-IR spectrum of 15BCN. 
What’s more, a peak different from the monomer g-C3N4 
was found at 605/cm, which was attributed to Bi–O stretch-
ing [51]. The pattern indicated that BiOI was successfully 
combined with g-C3N4. The loading of BiOI resulted in a 
relative decrease in the g-C3N4 peak, but the characteristic 
peak of g-C3N4 did not move after binding with the BiOI 
nanoparticles. This indicated that no covalent bond was 
formed between BiOI and g-C3N4 [52].

3.3  Photocatalytic activity

3.3.1  Effect of catalyst dosage on the degradation of MO

To study the effect of photocatalysts dosage on degrada-
tion efficiency of MO, the experiments were performed by 
varying amount of 15BCN from 0.25 to 1.5 g/L. The results 
were shown in Fig. 8. As depicted in Fig. 8, it could be seen 
that when the dosages were 0.25 g/L and 0.5 g/L, respec-
tively, their dark adsorption amounts of MO were basi-
cally same, and the dark adsorption amounts of both were 
about 7%. Then, with the dosage of 15BCN being 0.75 g/L, 
1.00 g/L, 1.25 g/L and 1.50 g/L, the dark adsorption capac-
ity of the catalyst began to increase, which were 16.77%, 
19.75%, 26.51% and 29.64%, respectively. The increase 
of dark adsorption capacity of MO by 15BCN may be due 
to the increase of total specific surface area caused by the 
increase of catalyst amount. In addition, with the increase 
of 15BCN dosage from 0.25 to 1.25 g/L, the final degrada-
tion efficiency of MO also increased from 25.5 to 74.08%. 
This may be due to the amounts of active sites of the catalyst 

Fig. 7  FT-IR spectra of g-C3N4 and 15BCN
Fig. 8  The photocatalytic efficiency of MO over the 15BCN with dif-
ferent dosages
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to generate reactive radicals increased with the increase 
of catalyst dosage. When the dosage of 15BCN increased 
from 1.25 g/L to 1.5 g/L, the final degradation effect of MO 
decreased from 74.08 to 73.65%. This may be due to the 
increase of the dosage of the catalyst to increase the turbid-
ity of the MO solution, and to influence the absorption of 
the visible light by the catalyst at the bottom of the solution, 
thus reducing the degradation efficiency of the MO [52]. 
The kobs degradation of MO by different dosage (see Fig. 9) 
showed the same conclusion. When the dosages of 15BCN 
were 0.25 g/L, 0.5 g/L, 0.75 g/L, 1.0 g/L, 1.25 g/L and 
1.5 g/L, kobs were 1.94 × 10−3 and 3.88 × 10−3, 3.99 × 10−3, 
6.68 × 10−3, 8.68 × 10−3 and 8.18 × 10−3/min, respectively. 
As the dosage of 15BCN increased, kobs also increased with 
the 15BCN degradation of MO, reaching the peak when the 
dosage reached 1.25 g/L, and then began to decline. There-
fore, 1.25 g/L was choosed as the best dosage of 15BCN for 
photocatalytic degradation of 20 mg/L MO.

3.3.2  Effect of initial concentration on the degradation 
of MO

In daily life, the concentration of organic dyes in wastewater 
discharged from factories is uncertain, so it is necessary to 
explore the degradation effect of 15BCN on MO with differ-
ent concentrations. The initial concentrations of MO were 
5 mg/L, 10 mg/L, 15 mg/L, 20 mg/L and 25 mg/L, respec-
tively, and the effect of MO concentration on degradation 

was investigated by adding 15BCN of 1.25 g/L. With the 
increase of MO concentration, the amount of dark adsorp-
tion also increased. When the initial concentration of MO 
increased from 5 mg/L to 25 mg/L, the dark adsorption 
capacity of 15BCN also increased from 3.558 mg/L to 
6.18 mg/L. This trend may be explained by the fact that 
the initial dye concentration provided the sufficient force 
for mass transfer from the aqueous phase to the solid phase 
[53]. As shown in Fig. 10, the degradation effect of 15BCN 
decreased with the increase of initial concentration of 
MO. After 2 h, the degradation rates of 5 mg/L, 10 mg/L, 
15 mg/L, 20 mg/L and 25 mg/L MO were 94.94%, 90.18%, 
76.24%, 74.08% and 60.88%, respectively. The increase of 
initial MO concentration would decrease the probability of 
reaction between the dye molecules and reactive species 
[54]. Thus, the degradation efficiency of 15BCN photodeg-
radation was reduced.

3.3.3  Effect of initial pH on the decolorization of MO

pH has great influence on the properties of dyes. Differ-
ent pH conditions have different forms of dyes, which 
will also affect the degradation efficiency of the cata-
lysts. In order to explore the degradation effect of 15BCN 
under different pH conditions, MO was usually used as 
an indicator of acid and base, because it existed in dif-
ferent forms in different pH conditions and showed dif-
ferent colors. The principle of change was as follows: 

Fig. 9  The degradation rate constant of MO over the 15BCN with 
different dosages

Fig. 10  The photocatalytic efficiency of MO at different initial con-
centrations over the 15BCN
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MO exhibited azo form under alkaline conditions and qui-
noid form under acidic conditions. The acidity and basicity 
of MO had different colors and absorption spectra. In order 
to compare the above, the absorbance of acid and alkaline 
MO was superimposed by spectrophotometric method, and 
the wavelength of the equal absorption point was obtained 
according to the maximum absorption wavelength of acid 
and the maximum absorption wavelength of alkali. It was 
concluded that the wavelength of the equal absorption point 
of MO was 470 nm. The degradation effect of MO under 
different pH conditions was determined at the wavelength 
of equal absorption point. The pH values were selected with 
2.0, 4.0, 6.0, 10.0 12.0, and 13.0, respectively and the pH 
value of MO solution was adjusted well before the catalyst 
was added. The results were shown in Fig. 11.

It could be clearly seen that the acidic environment facili-
tated the dark adsorption of MO by 15BCN. The smaller 
the initial pH of the solution, the greater the dark adsorp-
tion capacity of 15BCN for MO. When pH = 2.0, 4.0, 6.0, 
10.0, 12.0, and 13.0, the dark adsorption amounts of 15BCN 
were 70.99%, 43.56%, 22.86%, 18.81%, 10.72% and 7.78%, 
respectively. This was due to the more positive charge on 
the surface of the catalyst under the acidic condition, which 
made it to be easier to form a hydrogen bond with the MO 
molecule. In addition, due to the high acidity of the  SO3H 
group, even in the form of deprotonated  SO3

− under high 
acid conditions, the function of the deprotated  SO3

− in MO 
and the positive charge on the surface of the catalyst also 
caused the increase of the 15BCN dark adsorption capacity.

Finally, the pKa = 3.7 of MO was mainly zwitterionic in 
the pH acidic range below pKa, which would also increase 
the dark adsorption capacity of the catalyst [55]. When pH 

value was 2.0, the decolorization rate of MO increased from 
70.99 to 77.18% during 120 min, and the MO concentration 
removed by photodegradation only accounted for 6.17% of 
the original concentration. On the contrary, under the strong 
alkaline condition, the dark adsorption capacity of 15BCN to 
MO was very small, and the photodegradation efficiency was 
very high. When pH value was 12.0, the decolorization rate 
of 15BCN on MO increased from 10.72 to 91.62%, and the 
MO concentration removed by photodegradation accounted 
for 80.9% of the original concentration. This may be due to 
the negative charge on the surface of the catalyst under the 
strong alkaline condition, and the  O2 in MO solution cap-
tured a large number of negative charges to generate a large 
number of ·O2

−, which greatly accelerated the efficiency of 
MO photodegradation [56]. When pH value was 13.0, the 
decolorization rate of 15BCN on MO was 85.56%, and the 
MO concentration removed by photodegradation accounted 
for 78.78% of the original concentration. This indicated that 
the photocatalytic effect of 15BCN reached equilibrium after 
pH = 12.0.

The kobs value of photocatalytic degradation of MO 
by 15BCN under different pH conditions was shown in 
Fig. 12. The kobs values at pH = 2.0, 4.0, 6.0, 10.0, 12.0, and 
13.0 were 2 × 10−3, 19.7 × 10−3, 11.05 × 10−3, 6.37 × 10−3, 
19.72 × 10−3, and 15.45 × 10−3/min, respectively. It could 
be seen from the Fig. 12 that the order of the kobs values 
of photocatalytic degradation of MO by 15BCN at differ-
ent pH values was: pH = 12.0 ≈ pH = 4.0 > pH = 13.0 > pH 
= 6.0 > pH = 10.0 > pH = 2.0. The first order rate constant at 
pH = 12.0 was 9.86 times as much as that of pH = 2.0.

3.4  Proposed mechanism

In order to investigate the reaction of active substances in the 
process of photocatalytic degradation of MO by 15BCN, the 
free radical capture experiment was used to determine the 

Fig. 11  The photocatalytic efficiency of MO at different initial pH 
over the 15BCN

Fig. 12  The degradation rate constant of MO at different initial pH 
over the 15BCN
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active factors in the photocatalytic process. The TBA, AO 
and BQ were used as the hydroxyl radical (·OH) scavenger, 
hole  (h+) scavenger and superoxide radical (·O2

−) scavenger, 
respectively. The trap capture experiment results were shown 
in Fig. 13. It could be seen from the Fig. 13 that by adding 
AO to remove holes  (h+), the final result of photocatalytic 
degradation of MO by 15BCN was reduced from 74.08% 
to 69.32%, which is reduced by 4.76%, and the amount of 
change is not large. This indicated that the role of holes in 
photocatalytic degradation was not significant. Similarly, 
the final result obtained by the addition of TBA to remove 
hydroxyl radicals (·OH) was the same that of the addition of 
AO, indicating that ·OH did not play a major role in photo-
catalytic degradation. Finally, the superoxide radical (·O2

−) 
was removed by the addition of BQ. As a result, the photo-
catalytic degradation of MO by 15BCN was almost stopped 

after the dark reaction, the final degradation effect of light 
for 2 h was reduced from 74.08 to 30.3%, and the degrada-
tion rate was reduced by 43.78%, which clearly indicated 
that ·O2

− was the main active material in the degradation of 
MO by 15BCN.

The kobs values in the trap experiment with the addition of 
various capture agents were shown in Fig. 14. In the absence 
of any capture agent, the kobs of 15BCN photocatalytic deg-
radation of MO was 8.68 × 10−3/min. With the addition 
of AO, BQ and TBA, the kobs of photocatalytic degrada-
tion of MO by 15BCN were 7.22 × 10−3, 0.634 × 10−3 and 
7.22 × 10−3/min, respectively. The kobs in the case where no 
capturing agent was added were 1.20, 13.69 and 1.20 times 
of kobs in the case where AO, BQ and TBA were added, 
respectively.

Based on the above experimental results, the possible 
mechanism of 15BCN photocatalytic degradation of MO 
was infered which was shown in Fig.  15. According to 
the results of DRS, the band gap of BiOI was 1.94 eV (Vs 
NHE), its valence band (VB) position was 2.68 eV, and its 
conduction band (CB) position was 0.74 eV. The bandgap of 
g-C3N4 was 2.74 eV (Vs NHE), its VB position was 1.59 eV, 
and its CB position was -1.15 eV. Under visible light illumi-
nation, when the energy of light radiation is higher than the 
energy of the catalyst band gap, the catalyst will be excited. 
Both g-C3N4 and BiOI could be excited by visible light, and 
electrons  (e−) on their VB received energy to transition to 
CB and left holes  (h+) on VB. Since the VB potential of 
g-C3N4 (1.59 eV Vs NHE) is much lower than the poten-
tial required to form ·OH (·OH/H2O = + 1.99 eV Vs NHE, 
·OH/OH− = +2.40 eV Vs NHE), the  h+ accumulated in the 
VB of g-C3N4 could not react with the  H2O molecule and 
 OH− in the solution to form ·OH. While the  h+ on the VB 
of BiOI could react with the  H2O molecule and  OH− in the 
solution to form ·OH. However, due to the small loading 
ratio of BiOI, this part of ·OH did not play a key role in the 
photocatalysis process.

This was consistent with the conclusion of the trap 
experiment. The modification of g-C3N4 by BiOI could 
be explained by the following mechanism: BiOI formed a 
Z-type heterojunction with g-C3N4 (Fig. 15). Due to the dif-
ference between VB and CB of BiOI and g-C3N4, the CB 
potential of g-C3N4 is more negative than the CB potential 
of BiOI, while the VB edge of BiOI is more positive than 
the VB edge of g-C3N4. So, the  e− on the CB of BiOI and the 
 h+ on VB of g-C3N4 recombined rapidly, which resulted in 
the existence of  e− on the CB of g-C3N4. Longer and more 
likely to react with  O2 to produce more ·O2

−, which in turn 
promoted photocatalytic degradation of MO. The  h+ remain-
ing on the VB of BiOI and the small amount of ·OH formed 
by the reaction did not play a major role in the photocatalytic 

Fig. 13  The photocatalytic efficiency of MO over the 15BCN with 
different radical scavengers

Fig. 14  The degradation rate constant of MO over the 15BCN with 
different radical scavengers



12780 Journal of Materials Science: Materials in Electronics (2019) 30:12769–12782

1 3

process. The specific reaction process is shown in the fol-
lowing formula:

4  Conclusion

In this work, a BiOI/g-C3N4 binary catalyst was success-
fully prepared using a simple one-step stirring method. 
By photocatalytic degradation of 20 mg/L MO under vis-
ible light irradiation, an optimum loading ratio of BiOI of 
15% was obtained. Compared with pure g-C3N4, 15BCN 
prepared after loading a small amount of BiOI had a larger 
dark adsorption amount and a higher photocatalytic effi-
ciency to MO. The first order rate constant of 15BCN 
degrading 20 mg/L of MO was 2.16 and 2.12 times that 
of g-C3N4 and BiOI, respectively. Through compari-
son experiments, the optimum dosage of photocatalytic 

(5)
BiOI/g-C3N4 ⟶ hvBiOI(e−

CB
+ h+

VB
)∕g-C3N4(e

−
CB

+ h+
VB

)

(6)e−
CB
(g-C3N4) + O2 → ⋅O−

2

(7)h+
VB

(BiOI) + H2O → ⋅OH(small amount) + H+

(8)h+
VB

(BiOI) + HO−
→ ⋅OH(small amount)

(9)⋅O−
2
+MO → by-products

(10)⋅OH +MO → by-products

(11)h+
VB

(BiOI) +MO → by-products

degradation of 20 mg/L MO was 1.25 g/L. The effect of 
pH on the catalytic results was complicated. Finally, the 
free radical capture experiment showed that the active fac-
tor that played a major role in the photocatalytic process 
was superoxide radical (·O2

−). From the above, the pos-
sible photocatalytic mechanism was proposed. In short, 
the electron transfer of the two materials increased the 
lifetime of the electron–hole pairs of the catalyst, thereby 
improving the photocatalytic performance of the catalyst.
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