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Abstract 
The ternary composite Bi2O3/ZnO/g-C3N4 was synthesized by simple co-precipitation method. Its potential 

application as a promising photocatalytic activity for rhodamine B (RhB) and methyl orange (MO) has been 

reported. The prepared samples were characterized by the various techniques such as X-ray diffraction, fourier 

transform infrared spectroscopy, x-ray photoelectron spectroscopy, UV-vis spectroscopy, transmission electron 

microscopy and scanning electron microscopy. These characterization and degradation results showed that the Bi2O3 

and g-C3N4 have been distributed on the surface of ZnO nano-particles. Loading of the Bi2O3 and g-C3N4 nanosheets 

on n-ZnO surfaces resulted in an increased surface area and light absorption ability, which is due to the formation of 

the Bi2O3/ZnO/g-C3N4 heterojunctions between the semiconductors. 

Keywords: Photocatalyst; Heterogeneous catalyst; Heterojunction; Photodegradation; Photostability; Semiconductor; Ternary 

composite; Photocatalysis. 
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1. Introduction 
Today, solar energy, radiant light, and heat from the sun are the most abundant clean energy sources. Thus 

extensive research studies and development of materials that can utilize solar energy and use it for environment 

pollution management are essential. In this case, advanced oxidation processes (AOPs) play an important role via 

oxidation and reduction reactions. The photocatalysis phenomena created great interest in the scientific community, 

as it is the most suitable way to solve the wastewater-related issues. Especially, to get rid of the organic pollutants 

which are being produced by the textile, pharmaceutical and other related industries [1]. 

To date, TiO2 and ZnO as semiconductor photocatalysts with a large band gap of 3.2eV have been tremendously 

investigated under the UV light illumination, which is only 3-5% of the solar light. Less cost and easy synthesis of 

n-ZnO as compared to the TiO2 made it a potential photocatalyst for industries
 
[2]. However, just because of 

the wide band gap and quick recombination of charge carriers, limits its universal use as a photocatalyst . It 

has attracted much attention in nano-scale based materials because of its unique chemical properties as compared to 

bulk ZnO [3]. The use of ZnO is also limited in the visible region because of its wide band gap energy, which causes 

fast recombination of electron-hole pairs, that results in low photocatalytic activity [4]. Therefore many efforts have 

been carried out in order to develop new techniques for the modification of ZnO photocatalysis. Such as doping with 

metals [5], transition metals [6], non-metals [7], controllable structure and morphology [1]
 
. It is true that these 

metals are much expensive and not readily available. Therefore, it is necessary to find an inexpensive material that 

possess similar characteristics.  

In the previous literature, Bismuth oxides were used as a promising photocatalytic semiconductors. 

Subramanian et al. reported the facile fabrication of Bi2O3-ZnO photocatalyst in UV light irradiation [8]. 

Nevertheless, Bi2O3 has some drawbacks due to the fast recombination of electron-hole pairs, low quantum yield and 

very poor adsorption properties, which badly effects its practical use.  

Similarly, bulk g-C3N4 is n-type organic semiconductor with a band gap of ~2.7 eV, that was proven to be an 

effective photocatalyst for hydrogen and oxygen production through water splitting under visible light illumination 

[9]. Bulk g-C3N4 was reported as a layered semiconductor and can be transformed into thin nano-sheets. The g-C3N4 

nano-sheets have large surface consists of very thin layers. Which gives excellent conductivity, with very less 

resistance between these layers. This characteristic makes g-C3N4 NS as a promising material for the construction of 
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heterogeneous catalyst with other semiconductors [10]. Another way to control the recombination rate and to 

improve the photocatalysis in visible light is to build ternary heterojunctions between semiconductors with suitable 

band potentials. [11]. 

Herein, a novel ternary composite Bi2O3/ZnO/ g-C3N4 was prepared by simple one step co-precipitation method. 

The morphology of the synthesized ternary composite was investigated by the scanning electron microscope and 

transmission electron microscope. Its photocatalytic activity was carried out on methyl orange and rhodamine B dye, 

which was drastically improved by the introduction of the ternary photocatalyst as compared to bare ZnO and Bi2O3. 

Meanwhile, the effect of g-C3N4 concentrations and photo stability on the photocatalytic degradation was also 

investigated.  

 

2. Experimental Section 
2.1. Materials 

Zinc acetate dihydrate (C4H6O4Zn.2H2O), oxalic acid dihydrate (C2H2O4.2H2O), bismuth (III) nitrate 

pentahydrate (Bi(NO3)3.5H2O), polyvinylpyrrolidone (PVP), melamine(C3H6N6), nitric acid (HNO3), hydrochloric 

acid (HCL) were obtained commercially from Sigma Aldrich Chemical Cooperation. All the chemicals used in 

this experiment are reagent grade purity and used without any further process. Deionized water was used 

throughout the process. 

 

2.2. Heat Treatment Preparation of Bi2O3 
Modified Bi2O3 was prepared by the following procedure [12], a fixed amount of (1.94g) of Bi(NO3)3∙5H2O 

poured into 10ml of HNO3(0.5M) nitric acid just to abdicate hydroxylation of Bi
3+

 ions. Respectively (0.2g) of 

polyvinylpyrrolidone PVP was then added in the above solution and stirred for 30 minutes. The role of PVP here is 

to control the morphology and size of the particles of Bi2O3. (0.5M) NaOH solution was slowly added drop by drop 

into the above solution until its pH reaches 11. After that the mixture was stirred for 2 hours at room temperature, 

then heated for 3 hours at 90
o
C until its color changes to bright yellow and then followed by calcination process at 

430°C for 2 hours. This yellow precipitate was filtered, washed with distilled water and alcohol several times and 

then dried at 70
o
C for 24 hours. 

 

2.3. Preparation of g-C3N4 Nanosheets 
Modified g-C3N4 was prepared according to literature [13]. Shortly (15g) of melamine was used as a source raw 

material and calcined at 530℃ for 5 hours with a heating rate of 6°C/min. Then the received product was ground into 

powder and calcined again at 550°C for 4 hours with the same heating rate to derive nano-sheets (NS) of g-C3N4. 

The obtained NS were sonicated for 10 hours in isopropanol to get the single layered g-C3N4. The final product was 

filtered, washed with distilled water and ethanol several times. Then dried at 70℃ for 12 hours. 

 

2.4. Preparation of ZnO 
The synthesis procedure of the n-ZnO micro-rods (n-ZnO MR) is the modified version of the previous report

 

[14]. n-ZnO MR were constructed with ZnO nano-spheres via solvothermal assisted heat treatment method. Briefly, 

(27mmol) of Zinc acetate dihydrate (C4H6O4Zn.2H2O) and (27mmol) of oxylic acid dihydrate (C2H2O4.2H2O) were 

added into (70ml) of absolute ethanol under constant magnetic stirring until the following mixture forms a gel. Then 

this gel is transferred to the stainless steel autoclave (100ml). The sealed autoclave was then heated at 100°C for 5 

hours. When the reaction was completed, the MR were collected, filtered and washed with double distilled water for 

five times. Finally dried at 70°C for 12 hours. 

 

2.5. Preparation of Bi2O3/ ZnO/g-C3N4 Ternary Composite 
The Bi2O3/ZnO/g-C3N4 was electronically assembled by the following procedure. Briefly fixed amount of Bi2O3 

and n-ZnO were separately dissolved into the 15ml Polyethylglycol (PEG-200) and distilled water. Bi2O3 solution 

was magnetically stirred for 1 hour at room temperature to give some time for solubility of the Bi2O3 in PEG and n-

ZnO MR was dissolve in 20ml ethanol for half an hour. g-C3N4 was poured into 10ml of HCl to get the protonation 

of g-C3N4 and left for an hour. Afterwards these three solutions were mixed together and magnetically stirred for 3 

hours at room temperature. Then the received product was filtered, washed and dried at 80℃ for 24 Hours. Samples 

with percentage of 30%, 40% and 50% g-C3N4 were recorded by BZG1, BZG2 and BZG3 for further use. 

 

3. Characterization 
The powder X-ray diffraction(XRD) patterns of the samples were examined using the Bruker D8 X-ray 

diffractometer with Cu kα radiation (I=0.1506 nm, voltage= 40 kv, electrical current = 40 mA, 2θ= 20-80). The 

morphologies of the samples were investigated by the field emission electron microscope (FESEM-JEOL JSM-

6380LV), and transmission electron microscope (TEM-JEM-2010). A UV-Vis Spectrometer (Thermo Fisher EV220, 

USA) was used to analyze the performance of the photocatalyst. Fourier transform infrared (FT-IR) analysis was 

recorded by FT-IR spectrometer (Thermo Fisher, NicoletisS10, FTIR spectrometer USA). X-ray photoelectron 

spectroscopy (XPS) analysis was measured using a PHI Quantra II Spectrometer, Al kα (1486.6 eV) radiation. 
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3.1. Photocatalytic Activity 
The photocatalytic measurements were performed in the visible region by using a BL-GHX-1D photochemical 

reactor (Shanghai Billon Instrument Co. Ltd). The photocatalytic runs were carried in cylindrical Pyrex glass tube 

that was put in the photochemical reactor. In each run, 10mg of the prepared catalyst was disperse into the 80ml of 

RhB solution (15mg/l). the photocatalytic performance was then measured by irradiation the prepared solutions by a 

500W xenon electric lamp with a cut off filter (λ ≥ 450nm) to avoid the UV-part of light and a cooling water system 

to control the temperature at 10°C. Before the Light irradiation an adsorption-desorption reaction was carried out 

under stirring in the dark for 40 minutes to ensure the adsorption-desorption equilibrium. Then the Xenon 500W 

lamp was turned on and 5ml of suspension was taken out from solution after every 10 minutes’ interval. The 

Suspension was then centrifuged at 11500 rmp for 15 minutes to collect the catalyst. The photocatalytic activity was 

analyzed at the maximum absorption wavelength of 664nm for (RhB) and 464nm for (MO) by the UV-vis 

spectrophotometer (Thermo fisher EV220 USA). 

 

4. Results and Discussions 
4.1. XRD 

The XRD graphs of the bare ZnO, Bi2O3, g-C3N4 and ternary composite BZG2 are represented in figure.1. The 

diffraction peak at 2Theta with lattices parameter shown in Figure.1 which is in agreement with the JCPDF code 

number (01-079-0206) of wurtzite structure of ZnO having hexagonal crystal geometry. In general, the diffraction 

peaks of Bi2O3 presented in Figure.1 are monoclinic geometrical shape which agree with the JCPDF code number of 

monoclinic structure of Bi2O3 (01-081-0465). From the XRD of BZG2, peaks of hexagonal structure of ZnO 

appeared at 32.6
⸰ 

(100) 33.8
⸰ 

(002), 46.8
⸰
(101), 58.9

⸰ 
(110), 68.0

⸰
 (112), 77.6

⸰
 (202) and monoclinic peaks of 

Bi2O3 can be found at , 27.8
◦ 
(012) and 57.8° (024). The appearance of g-C3N4 peaks was not found in the ternary 

composite BZG2, mainly because of the very low quantity of the g-C3N4. There was no other impurity found.  

 
Figure-1. XRD graph of pure ZnO, pure Bi2O3, UT-C3N4 and BZG3 

 
4.2. SEM & TEM 

The morphology of the prepared samples was analyzed by the FESEM &TEM. From SEM images it can be seen 

that the structure of the bare zinc oxide is like micro-rods embedded by nano-spheres enclosed in a hexagonal 

structure presented in Figure.2a. The size of the nano-spheres estimations are 14.26, 14.27, 15.39, 16.39, 17.7, 19.55, 

21.15, 22.19, 27.76nm and so on (Figure.2a). The average mean particle size of the nano-spheres of ZnO was found 

to be 18.94nm from the SEM images by using statistical calculations. The results showed that the mean size obtained 

from the SEM and TEM images of the ternary composite is larger than the simple n-ZnO MR as shown in 

Figure.2b&2c. The size of the nanoparticles of the ternary composite were 11.31, 36.29, 22.15, 14.33, 16.46, 24.73, 

30.10, 21.90, 44.15, 20.77, 33.17, 36.16, 29.31nm and so on (Figure.2b). The average mean size of ternary 

composite BZG2 obtained was 25.79 nm. The increment in the particle size is due to the loading of the Bi2O3 and g-

C3N4 NS on the surface of ZnO nano-spheres. 
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Figure-2. SEM & TEM images of: a)SEM of  pure ZnO, b)SEM of  BZG2 c, d ) TEM of BZG2 

 

 

4.3. Optical Studies 
The UV-vis absorption spectra of the prepared samples were examined in order to determine their light 

absorption characteristics. Figure.3 shows the UV-vis absorption spectra of the pure ZnO, BZG1, BZG2 and BZG3 

composites. Compared to the pure ZnO, BZG ternary composite has higher UV-vis light absorbance. Thus according 

to the Tauc’s plot [15] obtained from the UV-vis absorption spectra source data, the band gaps of BZG composites 

are narrower than pure n- ZnO . That is due to the loading of Bi2O3 and g-C3N4 nanosheets on the surface of n-ZnO 

nano-spheres, which has a considerable impact on the electronic properties and improve the separation of 

photogenerated charge carriers. The band gap observed for the pure n-ZnO is 3eV.01, BZG1 is 2.62eV, BZG2 is 

2.49eV and BZG3 2.58eV as shown in Figure.3b. The lowest band gap is observed when the concentration of g-

C3N4 was 40% of pure ZnO. When the concentration of g-C3N4 was increased further the recombination of charge 

carriers increased, that is due to the large concentration of g-C3N4 nanosheets on n-ZnO surface, which limits the 

electron-hole pair separation. The UV-vis absorption spectra of liquid used samples are shown in figure-S3. 

 
Figure-3. UV-Vis : a) pure ZnO, BZG1, BZG2 and BZG3 b) Band gap measurement of pure ZnO, BZG1, BZG2 and BZG3 by Tauc’s plot 

 
 

4.4. FTIR 
It is further confirmed by the FT-IR analysis as it can be seen in Figure.4. In the spectrum of bare ZnO, the 

peaks appeared at 3414 cm
-1 

(Figure.S1) corresponds to the O-H bond and the peaks appeared around 525cm
-1

 

corresponds to the Zn-O bond respectively. The peaks found at 1600-1118 cm
-1

 (Figure.S1) are due to the presence 

of the C=O, C-O functional groups, which is the result of the oxidative decomposition of the organic dyes [16]. The 

peaks located at 847, 546 cm
-1

, seen at the spectrum of Bi2O3 corresponds to the stretching vibrations of Bi-O and Bi-
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O-Bi [17-19] (Figure.4). In the spectrum of g-C3N4 NS (Figure.4) the peaks appeared at 1206, 1311.4, 1395, 3072, 

and 1624.41 cm
-1

 shows the typical stretching modes of C-N heterocycles [20].Thus all the peaks of ZnO and Bi2O3 

and g-C3N4 can be clearly seen in the BZG2 ternary composite (Figure.4). Slight difference in the peaks may be due 

to the formation of the Ternary composite  

 
Figure-4.  FT-IR of pure ZnO, Bi2O3 and BZG2 

 

4.5. XPS 
The chemical composition of Bi2O3/ZnO/g-C3N4 ternary composite and the chemical state of the elements were 

investigated by XPS analysis. XPS survey spectrum indicates the presence of zinc, oxygen, bismuth, carbon and 

nitrogen elements as shown in Figure.S2. Figure.S2. (a) shows the O1s spectrum of ZnO, Bi2O3 and BZG2. The 

peaks at 528.41eV, 528.61eV and 529.88eV (Figure.S2.a ) attributed to the Bi-O, Zn-O and C-O bonds in Bi2O3, 

ZnO and BZG2 respectively [21-23]. Peaks located at 530.24eV and 531.24eV are assigned to the adsorbed H2O on 

the surface. 531.24eV is associated with oxygen(O2
-
) ions in the oxygen deficient regions or Zn-OH groups. Zn2p3/2 

and Zn2p1/2 signals from the XPS Zn2P spectrum were noticed at characteristics binding energies of about 

1019.74eV and 1042.93eV (Figure.S2.b). The small difference may be because of the Zn defects in BZG2 [24]; [21]. 

Hence the peaks found at 157.02eV and 162.32 eV resembles to the Bi4f (Figure.S2c) of Bi2O3 [12]. Three peaks at 

284.13eV, 283.73eV and 287.06eV are attributed to C1s (Figure.S2.e) of g-C3N4 NS. The constituent peaks at 

397.59 eV,399.40 eV and 403.01 eV are assigned to the N1s (Figure.S2.d) of g-C3N4. 

 

4.6. Photocatalytic Degradation 
The photocatalytic degradation of RhB and MO under visible light irradiation is shown in Figure-5. Dye is 

resistant to the self-photocatalysis and a small decrease in dye concentration was observed when it was kept for 

stirring in dark after the addition of the catalyst, which is due to the adsorption of the dye on the catalyst surface. 

Rhodamine B undergoes 95% degradation in the presence of visible light lamp (Figure.5a). But pure ZnO, Bi2O3, 

and Bi2O3-ZnO undergoes only 10, 20 and 30 percent degradation under visible light irradiation within 60 minutes. 

Whereas, the degradation rates of BZG1, BZG2 and BZG3 are 70.1, 95.1 and 75.6 percent. So based on these results 

it can be concluded that the enhanced photocatalytic activity is because of the presence of Bi2O3 and C3N4 in the 

BZG ternary composite. To determine the efficiency of the catalyst, degradation of methyl orange was also carried 

out under the same conditions as RhB. The degradation time for each dye was different. The photocatalytic 

degradation of MO was investigated at 10mg/l of dye solution by ZnO, BZG1, BZG2, and BZG3 as shown in 

(Figure.5b). The MO dye was degraded 95% in 150 minutes. The best result was observed by BZG2 sample.  
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Figure-5. a) Photodegradation of RhB under visible light and different catalysts, b)photodegradation of MO under visible light 

 
 

4.6.1. Photostability 
To find out the photostability of the ternary composite under visible light irradiation, BZG2 was used to perform 

the photocatalytic activity for the RhB dye. After each cycle, the photocatalyst was washed with acetone and used 

again. In Figure.6, it is shown that the photocatalytic performance of the BZG2 shows an effective stability towards 

the RhB dye under visible light irradiation. The catalyst was recycled four times. It was observed that after 

continuous recycles, the catalyst still shows good photocatalytic activity. The XRD graphs of the recycled samples 

are shown in Figure.S4. 

 
Figure-6. recycled photocatalytic activity of BZG2 on RhB dye. 

 
4.6.2. Mechanism 

On the basis of above-mentioned information, a proposed mechanism of Bi2O3/ZnO/g-C3N4 ternary composite is 

presented in Figure.7. Two mains reasons are highlighted in order to explain the enhanced behavior of Bi2O3/ZnO/g-

C3N4. i) UV-vis light absorbance is increased by the presence of the Bi2O3, which itself is a good visible light 

photocatalyst. When it was loaded with n-ZnO, it created a bridge for the electron transportation from n-ZnO to 

Bi2O3, which in turn facilitate the better separation of charge carriers. II) The photogenerated electrons from the CB 

of g-C3N4 migrates to the CB of Bi2O3 due to the lower CB potential of Bi2O3. The holes from VB of Bi2O3 moves to 

the VB of g-C3N4 that is because of the lower VB potential of g-C3N4. Due to the presence of g-C3N4, the separation 

efficiency is further improved
 
[25]. This charge separation is also investigated by the UV-vis diffuse absorbance 

spectra. The efficient separation of electron-hole pairs results in improved photocatalytic performance. The 

Hydroxyl radical (▪OH) acts as a main reactive component which is responsible for the photocatalytic degradation of 

organic dyes [8]. The photo-induced electrons react with the O2 molecules that were adsorbed on the surface of the 

Bi2O3/ZnO/g-C3N4 composite to yield the O2▪-. The photo-induced holes then react with H2O to produce (▪OH) 
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radicals. These photogenerated ions of O2▪- and (▪OH) are responsible for the degradation of organic dye adsorbed 

on the surface of  Bi2O3/ZnO/g-C3N4. Therefore, the prepared composite of Bi2O3/ZnO/g-C3N4 presents enhanced 

photocatalytic activity as compared to bare ZnO and Bi2O3-ZnO.  

 
Figure-7. Mechanism of photodegradation by Bi2O3/ZnO/g-C3N4 on organic dyes 

 

 

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5. Conclusion 
In this study a ternary composite Bi2O3/ ZnO/g-C3N4 was successfully synthesized by loading varying amount 

of g-C3N4 nanosheets on the ZnO surface and Bi2O3 with simple co-precipitation method. In comparison to the bare 

n-ZnO, Bi2O3 and Bi2O3-ZnO, ternary composite Bi2O3/ ZnO/g-C3N4 shows high photocatalytic performance 

towards the rhodamine B and methyl orange under the visible light lamp. The presence of Bi2O3 would be favorable 

for the enhancement of photocatalytic activity, because it can absorb the visible light to produce active species. It can 

capture photo-induced electrons and holes to promote charge charier separation. The introduction of g-C3N4 (NS) 

acts as a charge transfer center. The synergistic effect could be concluded as the formation of a heterojunction 

between p-type semiconductor and n-type semiconductors. Which hence improves the charge separation due to the 

formation of n-p-n junction chemistry among the three semiconductors. The present work may provide a route to 

prepare novel and highly promising ternary semiconductor composites for the remediation of organic pollutants 

present in water.  
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Appendix 
Figure-S1. Zoomed FTIR of pure ZnO and Bi2O3-ZnO 
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Figure-S2. a) XPS of pure ZnO, Bi2O3 and BZG2 a) O1s, b) Zn2p c) Bi 4f d) N1s e) C1s 
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Figure-S3.  UV-vis absorbance spectra of used liquid samples for Rh B under different radiate duration 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure-S4. XRD of Rcycled samples 

 

 

 

 


