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Abstract 

The novel p-n heterojunction B4C/g-C3N4 photocatalysts were built via ultrasonic dispersion, and 
solvent evaporation approaches. The properties of the photocatalysts were studied by characterization. 
The photocatalytic performance of materials was investigated by degradation of Rhodamine B (RhB) 
and tetracycline (TC). The B4C/g-C3N4 (1/6) showed the best photocatalytic performance for the 
degradation of RhB (96%, in 70 min). Its degradation rate was 32 % higher than that of single g-C3N4. 

Besides, 92% TC could be degraded by B4C/g-C3N4 (1/6) in 210 min. Compared with the pure g-C3N4, 
the photocatalytic activity of the B4C/g-C3N4 composites was improved significantly. On the one hand, 
the modification of B4C enhanced the light absorption capacity. On the other hand, the formed p-n 
hetero-junction between B4C and g-C3N4 enhanced the charge transfer rate and inhibited the 
recombination of photogenerated electrons and holes. Therefore, the composites could generate a lot 
of active species to degrade aqueous pollutants. In addition, the materials exhibited excellent stability 
in recycling tests. This study provides novel p-n heterojunction photocatalysts for degradation pollutants. 

Keywords: g-C3N4; B4C; p-n heterojunction; photocatalysis; visible light. 

 

1. Introduction  

Due to the high molecular weight, complex composition, carcinogenicity, teratogenicity, 

and other characteristics, refractory pollutants are seriously harmful to the environment and 

human beings [1-3]. It is of great significance to treat the refractory pollutants in water. Tra-

ditional methods for treating refractory pollutants, such as activated carbon adsorption and 

membrane treatment, have the disadvantages of low mineralization, low efficiency, and low 

economic benefits [4-5]. Therefore, new technologies and processes are urgently needed to 

treat refractory pollutants. Nowadays, photocatalytic technology has gained more and more 

attention in the treatment of refractory pollutants due to its energy-saving properties, com-

plete mineralization, no secondary pollution, and simple operation [6-8]. As the traditional sem-

iconductor photocatalyst, titanium dioxide (TiO2) exhibits obvious limitations in the degrada-

tion of pollutants due to its wide bandgap and low light absorption capacity. Thus, the devel-

opment of photocatalysts with suitable bandgap and high photocatalytic degradation perfor-

mance has been the current research hotspot.  

Recently, g-C3N4 as an inorganic non-metallic material has received great attention with its 

suitable bandgap, unique optical performance, and high stability [9-13]. However, the single g-C3N4 

has the common shortcomings of photocatalysts: low utilization of visible light and high re-

combination rate of photogenerated carriers [14]. Hence, the photocatalytic performance of g-

C3N4 needs to be further improved. The main improvement methods of g-C3N4 included ele-

ment doping [15,16], heterojunction construction [17-20] and defect control [21-22]. Since g-C3N4 

is a typical n-type photocatalyst, the construction of p-n type heterojunction is one of the 

primary methods to enhance the photocatalytic activity of g-C3N4 at all time. It can enhance 

the ability to absorb visible light and facilitate the charge transfer of g-C3N4 by building p-n 
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heterojunction. For example, Liang et al. synthesized LaFeO3/g-C3N4 p-n heterojunction pho-

tocatalyst, which exhibited much higher photocatalytic performance for RhB degradation com-

pared to the bare g-C3N4 
[23]. Guo et al. verified that CuBi2O4/g-C3N4 p-n heterojunctions 

showed high photocatalytic performance in the degradation of TC [24]. Therefore, it is desirable 

to explore the suitable p-type photocatalysts to construct p-n heterojunction with high photo-

catalytic activity. 

As a kind of P-type photocatalysts, boron carbide (B4C) has gained more attention from 

researchers. On the one hand, B4C exhibited excellent light absorption performance for the 

visible light due to its midgap states and structural relaxation [25]. On the other hand, the p-

type characters of B4C made it suitable to form p-n heterojunction, which can accelerate 

charge transfer and improve the photocatalytic performance [26]. Besides, B4C also has the 

advantages of good stability, wild sources, and simple synthesis process [27]. In recent, 

B4C/TiO2 p-n heterojunction photocatalyst has been prepared successfully and showed an ex-

cellent photocatalytic performance in the production of CH4 [28]. Herein, it is looking forward 

to enhancing the photocatalytic performance of g-C3N4 via building B4C/g-C3N4 p-n hetero-

junctions, which might extend the light response range and reduce the recombination of pho-

togenerated electrons and holes.  

In this paper, B4C/g-C3N4 p-n heterojunction photocatalysts were prepared by a simple 

method. The photocatalytic activities of samples were studied by degradation of RhB and TC 

under visible light irradiation. The tests showed that B4C/g-C3N4 photocatalysts had better 

degradation ability to RhB and TC than single g-C3N4. Moreover, active species in the degra-

dation process was determined by the scavenger experiment. According to the references, 

photoluminescence (PL) characterization, and experiment results, the possible photocatalytic 

mechanism for RhB degradation was inferred. 

2. Experimental section 

2.1. Materials 

Urea was obtained from Bodi (Tianjin, China). Boron carbide was purchased from Shandong 

West Asia Chemical Industry Co., Ltd. Triethanolamine (TEOA) and concentrated nitric acid 

were procured from Fuyu (Tianjin, China). 1,4-benzoquinone(PBQ) was obtained from Shang-

hai Macklin Biochemical Co. Ltd.  Rhodamine B and tert-butanol(TBA) were available from 

Kemiou (Tianjin, China). Tetracycline hydrochloride was procured from Shanghai Ruiyong Bio-

technology Co., Ltd.  

2.2. Synthesis of the photocatalysts 

Synthesis of g-C3N4: The g-C3N4 was synthesized by the typical calcination method [29]. 

Briefly, 20.0 g urea was placed into a quartz boat and heated to 550°C for 3 h with a heating 

rate of 3.5°C/min in the tube furnace. After cooling to room temperature, the yellow product 

was taken out and grounded into powder with an agate mortar.  

Synthesis of B4C/g-C3N4 composites: Before using B4C, it needed to be purified and washed 

with dilute hydrochloric acid and water for several times to remove the possible impurities. 

The B4C/g-C3N4 composites were synthesized via gentle solvent evaporation ways. Firstly, the 

appropriate amount of g-C3N4 was dispersed to 30mL of water and treated by ultrasonic wave 

(29 kHz) for 720 min. Then a certain amount of B4C was added to the solution and continued 

to be treated by ultrasonic wave (29 KHz) for 120 min. After the materials were uniformly 

dispersed, the solution was put into 90°C water bath and stirred to evaporate the solvent. 

Lastly, the resultant products were dried in a vacuum oven at 120°C. 

2.3. Characterization 

X-ray diffraction (XRD) patterns of samples were performed by Bruker D8 ADVANCE instru-

ment using Cu-Kα radiation. The emission scanning electron microscopy (SEM) images were 

characterized by the JSM-6700 (Hitachi, Japan). The optical characteristics of samples were 
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determined by UV–vis diffuse reflectance spectra (SHIMADZU, UV-2550). Photoluminescence 

(PL) spectroscopy was characterized by F-4500 fluorescence spectrophotometer (Hitachi, Japan).  

2.4. Photocatalytic activities 

In order to verify the photocatalytic activity of B4C/g-C3N4 composites for degradation of 

the refractory pollutants, RhB and TC were selected as target pollutants. The photocatalytic 

experiments were carried out as follows: 50 mg photocatalysts were added into 100 mL RhB 

solution (10mg/L) or 100 ml TC solution (20 mg/L), then the mixture was treated by ultrasonic 

wave for 5 min and stirred for 30 min in the dark to reach the adsorption-desorption equilib-

rium. Under stirring, the solution was irradiated by a 300W-Xeon lamp equipped with a 420 

nm cut-off filter. During the reaction, 3 ml of the suspension was extracted at a certain time 

interval and centrifuged at 1000 r/min for 10 min to separate photocatalyst. The concentra-

tions of supernatants were determined by UV–vis spectrophotometer (SP-756PC, China). In 

determining stability test, the photocatalysts were collected by centrifugation, rinsed alter-

nately with ethanol and deionized water, dried at 70 °C, and then used in the next repeated 

experiment. 

3. Results and discussions 

3.1. Characterization of photocatalysts  

The crystalline phases of prepared photocatalysts were determined by XRD. As shown in 

Fig.1, the two typical peaks at 13.1° and 27.7° of single g-C3N4 were related well to the pure 

g-C3N4 (JPCDS No. 87-1526).  

 
Fig.1. XRD patterns collected of samples with dif-
ferent mass ratios 

The characteristic peaks at 13.1°, 19.8°, 

21.6°, 22.9°, 27.7°, 32.1°, 35.3°, and 37.9° 

of B4C/g-C3N4 composites were in good 

agreement with the pure g-C3N4 (JPCDS No. 

87-1526) and B4C (JPCDS No.35-0798). 

With the increasing content of B4C in B4C/g-

C3N4 p-n heterojunction composites, the 

peak intensity of g-C3N4 was decreased, 

while the peak intensity of B4C was in-

creased. Besides, there were no other char-

acteristic peaks in the composites. The re-

sults showed that B4C and g-C3N4 were suc-

cessfully combined. 

  

Fig.2. SEM patterns of (a) g-C3N4 and (b) B4C/g-C3N4(1/6) 

180



Petroleum and Coal 

                         Pet Coal (2020); 62(1): 178-185 
ISSN 1337-7027 an open access journal 

The morphologies of the single g-C3N4 and B4C/g-C3N4 (1/6) composite were exhibited via 

SEM analysis. From Fig.2a, it can be seen that single g-C3N4 showed slate-like and aggregated 

layers with a smooth structure. After combining B4C, the surface of composites became un-

smooth, and B4C particles were embedded and dispersed on the surface of g-C3N4 nanosheets 

(Fig.2b). It indicated that B4C/g-C3N4 heterojunction was successfully synthesized by solvent 

evaporation approach. 

 
Fig.3. UV–vis spectrums of as-prepared photocatalysts 

The UV-vis diffuse reflectance spec-

troscopy (DRS) was used to investigate 

the optical properties of photocatalysts. 

As shown in Fig.3, the absorption band 

edge of g-C3N4 was extended up to 450 

nm, which showed that the pure g-C3N4 

could respond to the visible light. When 

the mass ratio of B4C was increased, the 

absorption edge of B4C/g-C3N4 photo-

catalysts occurred red-shift. It implied 

that the modification of B4C enhanced the 

light absorption ability of g-C3N4. Thus, 

B4C/g-C3N4 composites could generate 

more carriers to participate in the photo-

catalytic reaction under visible light irra-

diation. 

In order to study the transfer of photogenerated carriers, the photoluminescence (PL) spec-

tra were characterized. It is universally acknowledged that the lower intensity of PL spectra 

reveals the lower recombination rate of photogenerated electron-hole pairs [30].  

 
Fig.4. PL spectra of the photocatalysts excited at 
the wavelength of 325 nm 

Fig.4 displayed the PL spectra of g-C3N4 

and B4C/g-C3N4 composites with different 

mass ratios. It can be discovered that the 

photoluminescence intensity of single g-C3N4 

was higher than that of all B4C/g-C3N4 sam-

ples, indicating that the recombination rate 

of photogenerated electron-hole pairs was 

reduced after combining B4C. Besides, 

B4C/g-C3N4 (1/6) composite exhibited the 

lowest PL intensity among all materials. The 

result was mainly caused by the formed p-n 

heterojunction between B4C and g-C3N4, 

which can accelerate the transfer of excited 

carriers and prolong the lifetime of un-paired 

holes and electrons. 

3.2. Photocatalytic activity and stability 

The photocatalytic activity of prepared samples was investigated by the degradation of RhB 

under visible light. As shown in Fig.5, B4C/g-C3N4 p-n heterojunction photocatalysts showed 

higher photocatalytic activities than the single g-C3N4. With the increasing contents of B4C, 

the photocatalytic efficiency of B4C/g-C3N4 materials increased at first and then decreased. 

B4C/g-C3N4 (1/6) showed the best performance for the degradation of RhB among composites. 

The photocatalytic degradation rate reached 96% in 70 min, which was approximately 32% 

higher than that of single C3N4. The results were assigned to the formation of a built-in electric 

field between composites, which could promote the separation of photogenerated electron-

hole pairs and effectively suppress the recombination of carriers. Therefore, more active spe-

cies could react with the contaminants to improve the photocatalytic degradation rate. Once 

the mass ratio of B4C to g/C3N4 exceeded 1/6, the excess B4C is easy to aggregate. Since no 

more efficient heterojunction was formed, the degradation rate described a decreasing trend. 
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Through studying the kinetics of the reaction process, the RhB degradation process was 

suitable for the pseudo-first-order kinetics:  

-ln(C/C0) = kt                   (1) 

where C and C0 are the initial and timely concentrations of RhB, respectively and k is the 

first-order rate constant.  

As shown in Fig.6, the rate constant k for RhB degradation over B4C/g-C3N4 (1/6) was 

0.014, which was almost 3.5 times higher than that of bare g-C3N4. These results showed that 

B4C/g-C3N4 (1/6) had excellent photocatalytic performance under visible light. 

  
Fig.5. Photocatalytic performance of samples to-
wards the degradation of RhB 

Fig.6. Kinetic rate constants of RhB degradation 
over B4C/g-C3N4 composites 

In addition, the degradation of TC as a colorless pollutant was also investigated to deter-

mine the photocatalytic activity of prepared composites. As shown in Fig.7, the result was in 

accordance with the degradation of RhB. B4C/g-C3N4 (1/6) showed the best performance of 

the degradation of TC, and the photocatalytic degradation rate reached 92% in 210 min. Based 

on the above experiments, the excellent photocatalytic performance of B4C/g-C3N4 composites 

was confirmed. 

Stability is also important to evaluate the performance of photocatalyst. The repeated ex-

periments were carried out with photocatalysts collected after the photodegradation experi-

ment. From Fig.8, it can be found that the photocatalytic activity of B4C/g-C3N4 (1/6) had only 

a slightly descend after four repeated experiments for photocatalytic degradation of RhB. It 

might be due to the inevitable wastage of photocatalyst in the recovery process. The results 

testified that the B4C/g-C3N4 (1/6) showed excellent photocatalytic performance and stability. 

 
 

Fig.7. Photocatalytic performance of samples to-
wards the degradation of TC 

Fig.8. Repeated experiments on the photocata-
lytic degradation of RhB by B4C/g-C3N4 (1/6) 
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3.3. Possible mechanism of photocatalytic degradation 

In order to verify the main active species in the photocatalytic reaction, the trapping ex-

periments in the RhB degradation process were carried out. In the experiment, 10 mM/L p-

Benzoquinone (p-BQ), isopropanol (IPA), or triethanolamine (TEOA) were added into the RhB 

solution as superoxide radical (·O2-), scavenger hydroxyl radical (·OH) and holes (h+) scaven-

ger, respectively. As shown in Fig.9, the degradation efficiency of RhB was 86% after adding 

p-BQ, the degradation rate of RhB even decreased to 49% after adding TEOA, while the deg-

radation efficiency of RhB still reached 93% after adding IPA. The results demonstrated that 

h+ was the main active species in the photocatalytic process of B4C/g-C3N4(1/6). The relative 

effect of ·O2- was second, while ·OH was not the main active species in the photocatalytic process.  

 
 

Fig.9. Trapping experiment of active species dur-
ing the photocatalytic degradation of RhB 

Fig.10. Possible photocatalytic mechanism over 
B4C/g-C3N4 under visible light irradiation 

Based on the above results and references, the possible mechanism of degrading contam-

inants by B4C/g-C3N4 p-n heterojunction was speculated. As shown in Fig.10, the B4C and g-

C3N4 could be both excited under visible light. Firstly, the generated electrons would transfer 

to their respective conduction band (CB), while the generated holes would remain in their 

respective valence band (VB). Because the CB of B4C was higher than that of g-C3N4 in the 

formed p-n heterojunction, the electrons in the CB of B4C would migrate to the CB of g-C3N4; 

Similarly, the VB of g-C3N4 was higher than that of B4C, so the holes in the VB of g-C3N4 would 

transfer to the VB of B4C and directly participate in the degradation of pollutants. Therefore, 

the formation of p-n heterojunction in B4C/g-C3N4 composites can accelerate the charge trans-

fer and generate more active species to improve the photocatalytic activity. 

4. Conclusion 

In summary, the novel B4C/g-C3N4 p-n heterojunction composites were successfully pre-

pared. The photocatalytic experiments demonstrated that B4C/g-C3N4 (1/6) showed optimum 

photocatalytic activity. The degradation efficiency of RhB reached 96% in 70 min, and that of 

TC was 92 % in 210 min. The outstanding stability of photocatalysts was verified by the recy-

cling experiment. The characterization results indicated that excellent photocatalytic perfor-

mance might be attributed to the enhancement of light absorption capacity. More importantly, 

the built-in electron field constructed by p-n heterojunction could improve the photogenerated 

carriers transfer and reduce the recombination of photogenerated electron-hole pairs. Thus a 

lot of active species could be generated to participate in the photocatalytic reaction. Radical 

scavenger experiments verified that h+ played a major role in photocatalytic degradation. This 

study indicated that building p-n heterojunctions between B4C and g-C3N4 may be a promising 

method for improving photocatalytic performance. 
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