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Abstract 

The g-C3N4 (CN) sensitized and NaNbO3 (NN) substrated II-type heterojunction 

(g-C3N4/NaNbO3) is prepared by solid phase calcination method with urea and NN. 

The layered CN is anchoring on the surface of cubic NN. The samples are 

characterized by XPS, UV–vis spectroscopy, FE-SEM, XRD and FT-IR. The 

photodegradation mechanism of RhB solutions under visible light irradiation is 

investigated. Electron paramagnetic resonance (ESR) and radical scavenger 

experiments reveal that the main active specie is O2
•-
 and the OH• also plays a role in 

the photodegradation process. Compared with pure CN, the CN/NN hybrid materials 

display much excellent photocatalytic activity for rhodamine b (RhB), methyl orange 

(MO) and tetracycline (TC) degradation under visible-light irradiation. The 8-CN/NN 

sample shows highest degradation rate (1.888h
-1

) and it is 2.7 times than that of pure 

CN (0.697). The photodegradation of RhB, MO and TC all fit to pseudo first order 

kinetics by all CN/NN photocatalysts. The photocatalysts also possess great stability. 

The exploration of CN/NN photocatalyst is significant for the further practical 

application of photocatalysis in wastewater treatment. 

 

1. Introduction 

In recent years, environmental pollution and energy shortages have become the 

focus of world attention. Since the pathbreaking work of Fujishima and Honda
1
, 

photocatalysis has become a promising technology for degradation of environmental 

pollutants and production of hydrogen
2-7

. A series of metal based photocatalysts such 

as transition-metal oxides
8, 9

, metal nitrides
10, 11

, metal sulphides
12

 and so on have 

been developed and researched pollutants degradation and solar energy conversion. 
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However, the metal photocatalysts are expensive and limited, as primary catalysts. 

Recently, the nonmetal compound—graphitic carbon nitride (g-C3N4, simply as CN) 

has attracted more and more research interest, due to it is stable, environmental, 

economic and efficient
13-16

. CN owns great surface properties that are important to 

photocatalysis, such as basic surface functionalities, electron-rich properties, 

H-bonding motifs, etc. and photocatalytic properties
17, 18

. And its suitable bandgap 

(~2.7 eV) can be driven by visible light, which improves solar energy utilization 

efficiency greatly, with high oxidation power of valance band (VB) holes
19, 20

. It also 

exhibits high thermal and chemical stability and nontoxicity, owing to its tri-s-triazine 

ring structure and high degree of condensation
21, 22

. However, its photocatalytic 

activity remains limited by the rapid recombination rate of photoinduced electrons 

and holes
23, 24

. Efforts to improve the photocatalytic activity of CN include loading 

cocatalysts on the surface of CN
25

, doping
26

, designing appropriate textural 

properties
27

 and preparing composites or heterojunctions with other semiconductors
28, 

29
. In all these efforts, heterostructure is the most frequently used method. The 

heterostructure can improve the separation between photoinduced holes and electrons, 

especially, the type-II heterostructure can prolong exciton lifetime by increasing the 

spatial separation of the electron and hole
30

. 

Recently, NaNbO3 (simply as NN) has attracted much attention because of its 

excellent physical and chemical property properties
31-33

. The NN, with a typical 

perovskite structure, owns a range of useful properties, such as good chemical 

stability, low environmental impact, low cost, abundance and high crystallinity. NN is 

a promising photocatalyst for photocatalytic application, and there are few articles 

about photocatalytic degradation of pollutants. The photocatalysts, such as 

NaNbO3/ZnO
34

, In2O3/NaNbO3
35

 and NaNbO3/Nb2O5
36

 et al. NaNbO3-based 

composites, have been used in photocatalytic field and have shown excellent 

photocatalytic activity. NN is an ideal candidate to promote the photocatalytic activity 

of CN. Shi et al. 
20

 have been synthesized NaNbO3/g-C3N4 (simply as NN/CN), and 

the photocatalysts were applied to fuel production with Pt cocatalyst. Li et al. 
37

 also 

have been synthesized NN/CN composites successfully, and the photocatalysts were 

applied to gaseous pollutants degradation. The photocatalytic degradation of RhB 

were carried out under full arc Xe lamp irradiation, which including UV light and 

visible light. However, the NN only can be activated by UV light and the CN can be 

activated by UV and visible light. Under the UV light irradiation, the NN/CN 

heterojunction is a typical heterostructure model. But the NN/CN heterojunction is a 

type-II heterostructure model under the visible light irradiation. Unfortunately, the 

degradation mechanism of RhB in the NN/CN suspension liquid under full arc Xe 

lamp irradiation is complex and is difficulty to be explored. On the other hand, visible 

light is more ideal than UV light as light source. Herein, we explore the photocatalytic 

mechanism of NN/CN under visible light irradiation in pollutants solution with ESR 

spectrum and active species trapping experiments, and we also find relatively 

optimized weight ratio between precursor-urea and NN. 

In this article, NN is synthesized by the hydrothermal process and x-NN/CN 

(x=4, 6, 8, 10, 12) photocatalysts are prepared by solid phase calcination method. The 
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photocatalysts are characterized by XRD, FE-SEM, FT-IR, XPS, UV-Vis DRS and 

ESR. The results showed that the photocatalytic activities of composites are generally 

higher than that of pure NN and CN. The prepared samples can degrade RhB, MO 

and tetracycline (TC) efficiently. The optimized rate constant of RhB degradation is 

2.7 times that of pure NN, which is achieved by 8-NN/CN. A possible mechanism for 

enhancing photocatalytic activity of NN/CN is also proposed in view of the interface 

interaction of photoinduced carrying transfer and separation. This work plays a 

significant role in guiding the design of type-II heterojunction with high 

photocatalytic oxidation and reduction performance. 

 

2. Experimental Section 

2.1 Preparation of g-C3N4/NaNbO3 hybrid materials 

The pure NN photocatalyst is prepared by one step hydrothermal method in the 

following procedure：2mmol Nb2O5 powder is put into 10 mL NaOH solution (8 

mol/L) and stirred for 10 min. Then the mixture solution is transferred into a 15 mL of 

Teflon-lined stainless steel autoclave and keep heating at 200℃ for 24 h. After 

reaction, the autoclave is cooled to room temperature naturally. The resulting products 

is washed several times with distilled water and absolute ethanol. Finally, the power is 

dried at 70°C for 12h. 

For the compounds of CN/NN, 0.05g NN power and several weights (4g, 6g, 8g, 

10g and 12g) of urea are dispersed in absolute ethanol and stirred 30 min for 

homogeneous dispersion. Then the solution is dried at 80℃ for 3h to get dried 

powder. The powder is calcined at muffle furnace with programmed temperature, with 

the rate of 2.3℃/min, heating to 550℃ and keeping for 4 hours, the cooled to room 

temperature naturally. The products of calcining are washed with salpeter solution 

(0.1mol/L) firstly, then washed with distilled water to neutral pH. The neutral solution 

is dried, collecting the powder. The composites are marked as 4-CN/NN, 6-CN/NN, 

8-CN/NN, 10-CN/NN and 12-CN/NN for the various adding urea weights (4g, 6g, 8g, 

10g and 12g). 

2.2 Characterization 

The products are analyzed by X-ray diffraction (XRD) measurements carried out 

on X-ray diffraction (Bruker D8 Advance diffractometer) with Cu-Kα radiation in the 

2θ range of 5 – 80° at a scanning rate of 7°min
−1

. The accelerating voltage and the 

applied current are 50 kV and 300 mA, respectively. The morphologies of the 

as-prepared samples are observed by the scanning electron microscopy (SEM). SEM 

observations are conducted by an S-4800 field emission SEM (FESEM, Hitachi, 

Japan). X-ray photoelectron spectroscopy (XPS) measurements are conducted using a 

PHI Quantum 2000 XPS system with a monochromatic Al Kα source and a charge 

neutralizer. The FT-IR spectroscopy are obtained from Fourier Transform Infrared 

Spectrometer (Thermo Nicolet Corporation, Nicolet Nexus 470). The UV−vis spectra 

of the products are obtained from a UV–vis spectrophotometer (UV2450, Shimadzu, 

Japan). BaSO4 is used as a reflectance standard. The radicals are detected by Electron 

Paramagnetic Resonance Spectrometer (BRUKER, A300-10/12).  
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2.3 Photocatalytic degradation of dye  

Rhodamine B (RhB), methyl orange (MO) and tetracycline (TC) are used as 

model organic pollutants to evaluate the photocatalytic activity of samples under 

visible light illumination. The photodegradation of dye solution is carried out at 308 K 

in a photochemical reactor under visible light(＞420nm). The photo-chemical reactor 

contained 10mg sample and 100 mL of 10 mg/L RhB solution. To exclude the 

influence of physical adsorption, the reactor is kept in the dark for 60 min to reach the 

adsorption equilibrium. A 150 W xenon lamp which is located about 8 cm to one side 

of the containing solution is used as the light source, which has a glass filter to 

remove the UV light. At each time interval, photocatalysts are separated by 

centrifugation at 10000 rpm for 5 min, and the light absorption of clear solution for 

the different samples is measured by an UV−vis spectrophotometer. 

 

3. Results and Discussion  

3.1 Characterization of photocatalysts 

The particle size and morphology of NN are shown in Fig.1. The pure NN 

synthesized with hydrothermal method is cubic-like structure with a diameter of 2–3 

µm, as shown in Fig.1a. Fig.1b-d show the FE-SEM images of CN/NN photocatalysts. 

With increasing dosage of urea, the surface of NN is covered with increasing dosage 

of CN. The loaded CN is also kept layered structure, as in Fig.1b-d. In Fig.1 (c) and (d) 

the surface of NN is full covered with layered CN. 

 

Fig.1. FE-SEM images of pure NN (a), 6-CN/NN (b), 8-CN/NN (c) and (d) 

 

X-ray diffraction (XRD) analysis exhibits the lattice information, such as phase 

composition, purity and crystallinity. The XRD patterns for CN/NN composites with 
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different urea weights of 4g, 6g, 8g, 10g, and 12g are illustrated in Fig. 2. Pure NN is 

perovskite phase and CN is a class structure of graphene. With the increase of urea 

component in CN/NN composites, the intensity peak at 23.3° and 32.7°, which is 

identified as the main peak of the remnant NN phase, is gradually decreased, whereas, 

the intensity peak at 27.2° is increased. No other phases are found in CN/NN 

composites, suggesting that there is no appreciable chemical reaction between CN and 

NN. Well-crystallized NN powder synthesized with hydrothermal method possesses 

sharp diffraction peaks. In contrast, the peaks of CN are broader and less sharper, 

which may be owing to the smaller crystal size
38

. 

 

Fig. 2. XRD patterns of different photocatalysts 

 

FT-IR spectra of CN/NN photocatalysts are shown in Fig. 3. The absorption 

peaks at 1251, 1326, 1416, 1570 and 1635 cm
-1

 are observed, which are due to the 

C-N and C=N stretching vibration modes, in FT-IR spectrum of pure CN. The peak at 

812 cm
-1

 is associated with the characteristic breathing mode of s-triazine
39

. The 

spectrum of pure NN doesn’t have obvious absorption peaks. It indicates that there is 

no H2O and residual carbons in the materials
40

, although, the pure NN is synthesized 

with hydrothermal method. It is obvious that the pure NN has a circular arc during 

550 ~ 750cm
-1

. The trend is also observed on 4-CN/NN, but is not observed on the 

other catalysts. It also indicates that when the adding dosage of urea is larger than the 

dosage of 6g, the surface of NN is completely covered by CN. 
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Fig. 3. FT-IR spectra of CN, NN and CN/NN hybrid materials 

 

The chemical composition of the catalysts are analyzed by XPS, as shown in Fig. 

4. Fig. 4a shows the XPS survey spectrum, which mainly exhibits the peaks of Na, Nb, 

O, C and N elements with sharp peaks appearing at bingding energies of 1073, 206, 

532, 285 and 398eV, respectively. The adsorption peaks of Nb and Na are very low, 

and it may be owing to the coverage of NN by CN. Fig. 4b shows a high-resolution 

XPS spectrum of Nb3d. It is obvious that the binding energy of Nb3d is 206eV 

corresponding to its angular momentum of electrons
34

. Fig. 4c shows a 

high-resolution XPS spectrum of C1s of 8-CN/NN. The peak is related to 

coordination between carbon atoms and three nitrogen atoms in the CN lattice
41

. The 

N1s peak of CN is observed at 398.38eV in Fig. 4d, which originated from C-N=C 

coordination
42

.  

 

Fig. 4. XPS spectra of the 8-CN/NN sample: (a) the survey scan, (b) Nb 3d, (c) C 1s 

and (d) N 1s  

 

A comparison of the optical properties of the CN/NN photocatalysts using UV–

vis diffuse reflectance spectra analysis is shown in Fig. 5. Compared with the pure 

NN, the CN/NN samples show stronger absorbance in the wavelength range of 200 - 

450 nm. The curve shape of UV-vis spectra of CN/NN are hardly changed with 

different dosage of urea, and they are also close to the curve shape of UV-vis spectra 
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of pure CN. The band gap energy of the prepared photocatalysts can be calculated by 

the following formula
43

: 

αhν=A(hν-Eg)
n/2

 

where α, h, v, A, and Eg are absorption coefficient, Planck constant, light frequency, 

proportionality and band gap energy, respectively; n keys the properties of the 

transition in a semiconductor (n = 1 for direct transition and n = 4 for indirect 

transition). The values of n for CN and NN are 4 and 1, respectively
44, 45

. By applying 

this equation, the band gap of NN and CN is 3.41 eV and 2.68 eV, respectively, which 

agrees with the previous reports
16, 32

. As is shown in Fig. 5 (a) and (b). 

 

Fig. 5. UV–vis diffuse reflectance spectra of CN, NN and CN/NN composites. 

 

3.2 Photocatalytic performances of the hybrid materials 

Dyes are widely used in our lives that produce a lot of environmental problems. 

Treatment of dyes waste water is a challenge work for environmentalist. 

Photocataysis is a promising technology for dyes waste water purification. Thus, it is 

significant to investigate the photocatalytic activity of CN/NN under visible light.  

Fig. 6 shows the RhB removal and degradation rates (K) under visible light 

irradiation with different photocatalysts. Pure NN is UV light driven photocatalyst, as 

its band gap energy is 3.41 eV. But RhB has a little degradation under visible light 

with pure NN. It may be due to the self-decomposition with visible light irradiation. 

The removal and degradation rates of pure NN are 12.6% and 0.0464h
-1

 respectively, 

and the removal and degradation rates are shown in Table 1. The removal and K of 

8-CN/NN, 10-CN/NN and 12-CN/NN are larger than that of pure CN, and the 

removal and K of 4-CN/NN and 6-CN/NN are smaller than that of pure CN. The 

removal of 12-CN/NN is 95.6%, and it is largest in all these photocatalysts. The K of 

8-CN/NN is 1.888h
-1

, and it is largest in all these photocatalysts. It indicates that the 

weight ratio between CN and NN in 8-CN/NN is best for the separation of 

photoinduced holes and electrons. However, the photodegradation of RhB by each 

CN/NN photocatalysts all fit to pseudo first order kinetics well (R
2＞0.95). In 

summary, the photocatalytic degradation of RhB by visible light driven 

photocatalyst—CN/NN indicates that CN/NN is a useful photocatalyst.  
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Fig. 6. Photocatalytic activities of as-prepared photocatalysts for RhB degradation 

under visible-light irradiation (a). Degradation kinetics of RhB after 2.0 h irradiation 

with visible-light (b). [RhB]=10mg/L, [photocatalyst]=0.5g/L. 

 

Table 1. The photocatalytic activity parameters of different photocatalysts. 

 4-CN/N

N 

6-CN/N

N 

8-CN/N

N 

10-CN/N

N 

12-CN/

NN 

CN NN 

Removal (%) 46.0 75.8 93.6 93.2 95.6 85.8 9.8 

K(h
-1

) 0.309 0.681 1.888 1.369 1.519 0.697 0.046 

R
2
 0.997 0.977 0.972 0.996 0.953 0.976 0.974 

 

Another two typical pollutants — MO and TC — are chosen as target contaminants to 

further evaluate photocatalytic activity of 8-CN/NN, as is shown in Fig. 7. The 

removal and K of MO and TC is investigated here. Similar to RhB degradation, the 

photocatalyst shows high photocatalytic activity for MO and TC removal. After 3h 

irradiation of visible light, 77.2% of MO degradation and 73.3% of TC degradation 

are achieved, as is shown in Table 2. The removal and K of MO and TC are smaller 

than that of RhB. The K of MO and TC are 0.494 and 0.385, respectively. They are all 

smaller than that of RhB. The degradation of RhB, MO and TC fit the pseudo first 

order kinetics models (R
2 

≥ 0.94) well. 

 

Fig. 7. Photocatalytic degradation rates for RhB, MO and TC by 8-CN/NN under 

visible-light irradiation (a). Degradation kinetics of RhB, MO and TC after 2.0 h 

irradiation with visible-light (b). [RhB]=10mg/L, [photocatalyst]=0.5g/L. 
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Table 2. The photocatalytic activity parameters of RhB, MO and TC degradation by 

8-CN/NN. 

 RhB MO TC 

Removal (%) 93.6 77.2 73.3 

K (h
-1

) 1.888 0.494 0.385 

R
2
 0.972 0.998 0.946 

 

The stability of photocatalyst is of paramount importance for practical 

application, since it can promote significantly reducing the operational cost of 

photocatalytic process, thus making the application of photocatalysis in dye 

wastewater treatment to be foreseeable. After five recycling runs, there is no obvious 

change in the photocatalytic degradation efficiencies of RhB by 8-CN/NN, as is 

shown in Fig. 8(a). The stability of photocatalyst is monitored by XRD, as is shown in 

Fig. 8(b). After 5 cycles, the phase of the NN and CN is intact, implying that the 

heterostructure of the photocatalyst maintains stability even after 5 cycles 

photocatalysis reactions. 

 

Fig. 8. Degradation efficiency of 8-CN/NN heterostructure with increasing number of 

catalytic cycles (a), XRD patterns of 8-CN/NN heterostructure before and after 

photocatalytic reaction. 

 

3.3 Mechanism of enhanced photocatalytic activity 

The enhancement of photodegradation efficiency for CN/NN composites 

compared to pure CN photocatalyst can be ascribed to the appropriate band structure. 

The band-edge potentials of CB and VB, designated as ECB and EVB, can be calculated 

from the following equation: 

EVB= χ - E0+
1

2
Eg 

ECB= χ - E0 - 
1

2
Eg 

in which χ is the absolute electronegativity of the semiconductor, determined by the 

geometric mean of the absolute electronegativity of constituent atoms, which is 

defined as the arithmetic mean of the atomic electron affinity and the first ionization 
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energy; E0 is the energy of free electrons on the hydrogen scale; and Eg is the band 

gap of the semiconductor
46, 47

. ECB and EVB of NN are determined to be -0.60 and 2.81 

eV, while those of CN are -1.08 and 1.60 eV. On the basis of the alignment of their 

energy levels, as is shown in Fig. 9, an illustration of possible electron transfer 

behavior is proposed. Under the irradiation of visible light, the 

photoinduced-electrons are excited from the valence band (VB) of CN in NN/CN 

heterostructures to its conduction band (CB), thereby producing the active species — 

electron and hole. Simultaneously, the photoinduced electrons can fast transfer to the 

CB of NN, which can be further trapped by molecular oxygen on the surface of NN, 

to activate molecular oxygen to superoxide radical anion and other radicals. These 

processes efficiently lower the recombination rates of electron−hole pairs and 

prolonging the charge carriers’ lifetime. The photogenerated hole on the VB of CN 

can transfer to surface of CN and be trapped by the OH
-
, forming the OH•, which is 

also an active specie in the photodegradation reactions. 

 

Fig. 9. Schematic diagram of electron-hole pairs’ separation between p-type CN and 

n-type NN. 

 

For the better application of NN/CN photocatalyst in pollutants photocatalytic 

degradation, it is imperative to understand the mechanism of photocatalysis of RhB 

under visible light irradiation. To explore the mechanism of photocatalytic 

degradation of RhB by NN/CN heterostructure photocatalysts, ESR spectrum and 

radical scavenger experiments are employed to ascertain the active species. ESR 

spectrums are used for the detection of the production of OH• and O2
•-

. Benzoquinone 

(BQ) as a scavenger for O2
•-

, EDTA for h
+
 and tertiary butanol (TBA) for OH• are 

employed to observe the direct influence on the degradation rates of each radicals. 

The addition of quenchers to the RhB solution are all prior to the addition of 

photocatalysts. As a consequence of capture, photocatalytic degradation of RhB will 

be influenced and photocatalytic efficiency is changed. The effects of a series of 

scavengers on the photodegradation efficiency are shown in Fig. 10. As is shown in 

Fig. 10(a), the degradation efficiency of RhB decreases rapidly from 93.61% to 34.03% 

after the addition of BQ, indicating that O2
•-

 is the main active species in the 

photodegradation process. While TBA is added, the photodegradation efficiency of 
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RhB decrease from 93.61% to 84.93%. It is indicated that OH• promotes the 

photocatalytic efficiency, but is not the main active species. However, while the 

EDTA is adding, the degradation efficiency increases a little from 93.61% to 94.60%. 

It may be due to the quenching of h
+
, which promotes the separation of photoinduced 

holes and electrons. Then the degradation efficiency is improved. The ESR spectra 

also reveals the proof of these phenomenons, as is shown in Fig. 10(b). In these ESR 

detection, 10 mg samples and 50 µL DMPO are dissolved in 0.5 mL deionized water 

and stirred for 10 min, which is used in the detection of hydroxyl radicals (DMPO– 

OH•). 10 mg samples and 50 µL DMPO are dissolved in 0.5 mL CH3OH and stirred 

for 10 min, which is used in the detection of superoxide radicals (DMPO– O2
•-

). 

Before the irradiation, there are no characteristic peak of OH• and O2
•-

. After the 

irradiation (60s), the characteristic peak intensity of O2•
-
 is much larger than that of 

OH•. It is also accord with the consequence of radical scavenger experiments, that the 

O2
•-

 is the main active species and the OH• promotes the photocatalytic efficiency, but 

is not the main active species. 

 

Fig. 10. (a) Effects of a series of scavengers on the degradation efficiency of RhB by 

8-CN/NN sample (the dosage of scavengers = 5 mmol/L, illumination time t = 2h). (b) 

ESR signals of the DMPO– O2
•-

 and DMPO– OH•. 

 

On the basis of the above consequence, we propose a plausible mechanism for 

the photodegradation of RhB over NN/CN heterostructures.  

C3N4+hv→C3N4(eCB
- +hVB

+
) 

C3N4�eCB
- �+NaNbO3→C3N4+NaNbO3�eCB

- � 
NaNbO3�eCB

- �+O2→NaNbO3+O2
•-
 

O2
•-

+RhB→⋯→CO2+H2O 
C3N4�hVB

+ �+OH
-
→C3N4+•OH 

•OH+RhB→⋯→CO2+H2O 

where e�	

  and h�	

  stand for the electron in the conduction band and hole in the 

valence band, respectively.  

In summary, the NN/CN photocatalysts owns efficiency and stability in 

photodegradation process. With the suited CB and VB of two pure phase 

photocatalysts, the main active specie is O2•
-
 and the OH• also plays a role in the 

photodegradation process. The exploration of active species of photocatalyst will 

promote the further application of photocatalysis in wastewater treatment. 
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4. Conclusions 

In this work, an enhanced visible-light-driven photocatalyst of NaNbO3/g-C3N4 

by the combination of NaNbO3 and g-C3N4 is designed. Among hybrid photocatalysts, 

the 8-CN/NN sample exhibited optimal photocatalytic activity for RhB degradation 

under visible-light irradiation. Furthermore, the photocatalyst could also efficiently 

remove other organic pollutants such as MO and TC in wastewater. And the 

photodegradation of RhB, MO and TC all fit to pseudo first order kinetics by all 

CN/NN photocatalysts. In addition, the cycling experiments reveals that the 

photocatalyst possesses great stability. In general, the CN sensitized and substrated by 

NN can address the problem of low photocatalytic activity of CN alone. This work 

may provide a promising approach for treatment of wastewater. 
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