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Abstract 

The photocatalytic activity of Cu2O/NaNbO3 (CNO) heterostructure was firstly 

reported in this work. Pure NaNbO3 photocatalyst was synthesized via a facile 

hydrothermal reaction using Nb2O5 and NaOH as a precursors. Series of Cu2O 

nanoparticles modified NaNbO3 were prepared via chemical reduction of Cu salt. The 

composition and morphology of prepared CNO samples were characterized by variety 

of analytical methods. The results showed that Cu2O nanoparticles were well 

distributed on the surface of cube NaNbO3 micro-structure. The photocatalytic 

performance of prepared samples was evaluated by degradation of methyl orange 

(MO) under the visible light irradiation. The effect of MO degradation revealed that 

Cu2O nanoparticles could act as sensitizers for improving visible light absorption of 

NaNbO3 cube. We proposed the heterostructure between Cu2O and NaNbO3, by 

which the recombination of electrons and holes was efficiently inhibited as well as an 

enhanced photocatalytic activity. 

Keywords: NaNbO3, Cu2O, Heterostructure, Photocatalyst. 
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1. Introduction 

In recent years, the environment crisis has become the primary problem of the 

human development. Degradation of pollutants via semiconductor-based 

photocatalysts has attracted great attention for their excellent properties in solving 

environmental problems [1-2]. Many semiconducting photocatalysts have been 

developed since 1972 [3-10]. Among the various photocatalysts, n-type 

semiconductor sodium niobate (NaNbO3) has received immense attention in the 

photocatalytic field for its outstanding properties, such as chemical stability, corrosion 

resistance and nontoxicity [11-15]. The NaNbO3 with the perovskite-structure is 

composed by [NbO6] octahedron that can separate the photoexcited electron-hole 

pairs effectively. This progress will prompt the photocatalytic activity of NaNbO3 

[16-19]. However, the wide bandgap of NaNbO3 (Eg=3.36 eV) restricts its 

photo-response in the UV region due to only about 4% to 5% of solar spectrum falling 

in the UV range. Therefore, the effective use of visible light remains a great 

challenge.  

By far, diverse strategies have been developed to improve the visible light 

absorption of NaNbO3 photocatalysts, such as doping with metal and non-metal, 

sensitizing the photocatalyst by narrow bandgap semiconductors et al. [20-24]. 

Among them, sensitizing by narrow bandgap semiconductors can not only broaden 

the absorption region into the visible light efficiently, but also further reduce the 

recombine rate of electron-hole pairs [25-26]. Based on this strategy, some 

visible-light-driven NaNbO3-based composite photocatalysts have been investigated. 
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For example, Lv et al. have been synthesized the In2O3/NaNbO3 composite 

photocatalysts and exhibited their high-efficiency photocatalytic H2 evolution under 

visible light [27]. Shi et al. have been developed g-C3N4/NaNbO3 composite 

photocatalysts with enhanced visible light photocatalytic activities for the CO2 

photo-reduction [16]. Kumar et al. fabricated CdS/NaNbO3 core/shell heterostructures 

with the high activities for photodegradation of methylene blue (MB) under visible 

light irradiation [6]. These reported NaNbO3-based composite photocatalysts can be 

called the staggered bandgap type (or no p-n type junction) heterostructures.  

There is another kind of hetero-photocatalysts which have been designed based 

on the p-n type junction theory. They were formed between the two compounds and 

promote the separation of electron hole pair. The p-type and n-type semiconductor can 

form an internal electric field which will promote the photogenerated electrons 

transfer from the p-type to the n-type semiconductor. Thus, the composite will greatly 

enhance the photocatalytic activity under the synergies of energy band and p-n type 

heterostructure. Cuprous oxide (Cu2O) with a narrow band gap of 2.0 eV has been 

widely used to build p-n type heterostructure for improve the utilization ratio of 

visible light due to its excellent properties [28-32]. Wang et al. has prepared a 

p-Cu2O/n-TiO2 heterostructure photocatalyst which exhibited large photocurrent and 

photoconversion efficiency under both UV and visible light irradiation [30]. Hou et al 

has fabricated a p-Cu2O/n-TaON heterostructure photocatalyst which showed 

significantly reinforce for photoelectrochemical water oxidation performance [33]. 

Fortunately, the appropriate valence and conduction band position of NaNbO3 and 
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Cu2O could accelerate the photogenerated electrons transfer by Cu2O to the NaNbO3. 

In addition, the composite of p-type Cu2O and n-type NaNbO3 will form a p-n type 

heterostructure which will be further enhance the separation rate of the electron-hole 

pairs. To best of our knowledge, constructing Cu2O-NaNbO3 p-n type heterostructure 

has not been reported 

In this paper, we successfully prepared a series of CNO p-n heterostructure 

compound via two simple methods. In those CNO composite photocatalysts, cuprous 

oxide nanoparticle served as the sensitizers and facilitate the electron transfer to 

NaNbO3, thereby separating photogenerated charge carrier s efficiently. As a result, 

the CNO compound has a great increase in visible light absorption and the separation 

rate of photogenerated electron–hole pairs. And we find a best ratio of sodium niobate 

and cuprous oxide by degradation of methyl orange (MO) under the visible light 

irradiation.  

2. Experimental 

All chemical reagents in this work were of analytical grade and were used 

without further purification. 

2.1 Synthesis NaNbO3 

The pure NaNbO3 photocatalysts were prepared by one step hydrothermal 

method in the following procedure：2 mmol Nb2O5 powder was put into 10 mL KOH 

(8 mol/L) and stirred for 10 min. The obtained mixture was transferred into a 15 mL 

of Teflon-lined stainless steel autoclave and heated at 200 °C for 12 h. After reaction, 

the autoclave was cooled to room temperature naturally. The resulted products were 
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washed several times with distilled water and absolute ethanol. Finally, the power was 

dried at 70 °C for 12h. 

2.2 Synthesis Cu2O/NaNbO3 composites 

For the compounds of CNO, the NaNbO3 power and the corresponding molar 

percentage Cu(NO3)2 (0, 4%, 6%, 8%, 10%, 15%) was dispersed in water and the 

reaction mixture was allowed to stir for 20 minutes. The excess NaBH4 aqueous 

solution was added into the vigorously stirred solution for 2h under water bath. The 

resulting colored product was extracted by centrifugation and washed repeatedly with 

water and alcohol. Finally, the product was dried under vacuum at 60 ℃ for 2 h. 

2.3 Characterization 

The obtained products were analyzed by X-ray diffraction (XRD) patterns 

carried out on X-ray diffraction (Bruker D8 Advance diffractometer, 50 kV, 300 mA) 

with Cu-Kα radiation in the range of 5–80° at a scanning rate of 7° min
-1

. The 

morphologies and size of the samples were characterized by the scanning electron 

microscopy (SEM) and the transmission electron microscopy (TEM). SEM images 

were conducted by an S-4800 field emission SEM (FESEM, Hitachi, Japan). TEM 

images were visualized on a F20 S-TWIN electron microscope (200 kV). An x-ray 

dispersive spectroscopy (EDS) was used to investigate the composition and structure 

of samples. X-ray photoelectron spectroscopy (XPS) measurements were analyzed 

using a PHI Quantum 2000 XPS system (Al Kα). The UV−vis spectra of the products 

were obtained from a UV–vis spectrophotometer (UV2450, Shimadzu, Japan) and the 

BaSO4 was used as a reflectance standard.  
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2.4 Photocatalysis evaluation 

MO was used as a model organic pollutant to evaluate the photocatalytic activity 

of samples under visible light irradiation. The photodegradation of MO was carried 

out at 308 K in a photochemical reactor which contained 50mg sample and 100 mL of 

10 mg/L MO solution. To exclude the influence of physical adsorption, the reactor 

was kept in the dark for 30 min to reach the adsorption equilibrium. Then, a 250 W 

xenon lamp as the light source was located about 8 cm to one side of the containing 

solution, which has a glass filter to remove the UV light. The photocatalytic 

degradation ratio of the samples was calculated by the following formula: 

               DR=(1－
Ai

A0
)×100%                                  (1) 

In this equation, DR is on half of the photocatalytic degradation ratio, A0 is the initial 

absorbency of MO after reached absorption equilibrium, while Ai is the absorbency 

after the photocatalytic reaction. At each time interval, photocatalysts were separated 

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

the different samples was measured by an UV-vis spectrophotometer. 

3. Results and discussion  

3.1 XRD analysis:   

The crystal structure of the samples was investigated by XRD patterns. Fig. 1a 

and g showed the pure diffraction peaks of Cu2O (JCPDS # 74-1230) and NaNbO3 

(CPDS # 74-2436). The main diffraction peaks at 2θ=29.6, 36.6, 42.5, 61.6 and 73.8° 

corresponding to the (110), (111), (200), (220), and (311) planes of NaNbO3, 

respectively. According to the XRD patterns of CNO samples (Fig. 1b-f), the main 
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diffraction peaks near or at 2θ=22.7, 32.5, 46.4, 52.7, 58.1 and 68.1° corresponding to 

the (001), (110), (002), (021), (112) and (022) planes of NaNbO3, respectively. No 

Cu2O peaks were detected in the XRD patterns of CNO samples which may be due to 

the nanoparticles in those samples are well dispersed in the surface of NaNbO3 

[36-38]. And compared to the pure NaNbO3, there are no obvious differences in 

intensities and widths of the XRD peaks from the CNO samples. This result indicates 

that the NaNbO3 crystal structure has no significant change with Cu2O modification.  

 

 

Fig. 1. X-ray diffraction patterns of (a) Cu2O and X % CNO photocatalysts with 

various X: (b) X = 0; (c) X =4; (d) X = 6; (e) X =8; (f) X =10; (g) X = 15 

3.2 Morphological and elements studies 

The particle size and morphology of the pure NaNbO3 and 8% CNO 

photocatalyst were measured by the SEM. Fig. 2a and b shows the SEM images of the 

pure NaNbO3 photocatalyst which was a cube structure with the size of about 2 µm. 

As can be seen in those images, the NaNbO3 cube possess smooth surface and no 

nanoparticles on it. The SEM images of the obtained 8% CNO sample shows in Fig. 

2c and d. It can indicate that the Cu2O nanoparticles were formed on the surface of the 
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NaNbO3 cube evenly after the chemical bath deposition process. In addition, the 

image reveal that the CNO sample has not change the NaNbO3 cube structure and the 

result was in accordance with their XRD patterns.  

 

 

Fig. 2. SEM image of NaNbO3 (a and b); SEM image of 8% CNO photocatalysts 

sample (c and d). 

The diameter of Cu2O nanoparticles was about 30-100 nm, as shown in TEM 

image (Fig. 3a and b). It is obvious that the sample was tightly integrated on the 

interface of Cu2O nanoparticles and NaNbO3 cube. The TEM image was well 

anastomotic with SEM images. To provide more solid evidence for the confirmation 

of heterostructure, the HRTEM image of the sample is taken and shown in Figure 3c. 

The d values of lattice spacing are measured to be 0.213 nm, matching with the 

spacing of the (200) crystal planes. The inset of SAED image (Fig. 3c) showed that 

the catalyst was multi-crystalline. Fig. 3d depicted the EDX image of the as-prepared 

CNO photocatalyst. Cu, Na, Nb, and O can be directly observed. In addition, the real 
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contents of Cu atomicity (%) were calculated by EDX, which was shown in Table 1. 

 

 

Fig. 3. TEM image of 8% CNO photocatalysts sample (a, b and c); HRTEM of 8% 

CNO photocatalysts sample (d). Inset: SAED image of 8% CNO photocatalysts 

sample. 

 

Table 1. The real contents of all the samples. 

Element 

atomicity (%) 
NaNbO3 

4% 

CNO 

6% 

CNO 

8% 

CNO 

10% 

CNO 

15% 

CNO 

Cu  0 1.26 1.76 3.19 3.31 5.01 

Na  21.81 23.34 24.84 25.58 24.58 24.86 

Nb  27.80 41.37 40.43 41.55 35.60 42.41 

O  50.39 34.03 32.97 29.67 36.51 27.72 

Total 100 100 100 100 100 100 

 

3.3 Optical absorption studies  

Fig. 4 shows the UV–vis diffuse reflectance spectra of the prepared Cu2O, 

NaNbO3 and CNO samples. The band gap energies of the pure NaNbO3, Cu2O 
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samples were estimated to 3.36 eV and 2.0 eV based on the Kubelka-Munk function 

plot (Fig. 4b and c) [39-41]. The spectrum of CNO compounds revealed two 

absorption edges, which explained that the compounds contain two kinds of 

semiconductors (NaNbO3 and Cu2O). Moreover, integrating Cu2O onto NaNbO3 cube 

structure resulted in considerable red shift in the absorption onset of NaNbO3 and an 

enhanced absorption in the visible-light region which is suggesting the interfacial 

interaction between the NaNbO3 cube structure and Cu2O nanoparticles [42-43]. After 

the NaNbO3 micro-cube being covered with Cu2O nanoparticles, a better visible light 

absorbance was observed on CNO compounds photocatalysts samples. Therefore, the 

CNO compounds photocatalysts are expected to possess better visible-light driven 

photocatalytic abilities.  

 

 

Fig. 4. a: UV–vis diffuse reflectance spectra of X % CNO photocatalysts with various 

X: (a) X = 0; (b) X = 4; (c) X = 6; (d) X = 8; (e) X =10; (f) X =15; (g) Cu2O; b and c : 

the Kubelka-Munk function plot of NaNbO3 and Cu2O. 
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3.4 XPS analysis: 

The surface chemical composition and the chemical state of the CNO 

photocatalyst sample were analyzed by the X-ray photoelectron spectroscopy (XPS) 

spectra. The wide scan XPS spectrum of the 8% CNO samples was shown in fig. 5a. 

From the XPS spectra, Cu, O, C and Nb elements were detected which farther verifies 

Cu element has loading on the surface of NaNbO3. The emergence of the C element 

was mainly due to the adventitious carbon from the XPS instrument itself. Fig. 5b 

shows the high resolution XPS scans over Cu 2p3/2 peak. The main peak at 932.4 eV 

and 952.1 eV was known as the characteristic peak of Cu
+
, while the shake-up 

satellite peaks on the higher binding energy side [44-46]. The shake-up satellite peaks 

indicated the presence of an unfilled Cu 3d orbit and thus demonstrated the existence 

of Cu
2+

 on the sample. This phenomenon was probably due to a small portion of Cu2O 

that might be oxidized to CuO during the sample under normal ambient condition [47]. 

This state had been reported by many researchers on the synthesis of Cu2O 

nanoparticles, and it had been found that a small amount of CuO on Cu2O 

nanoparticle surface could actually enhance its stability. The high-resolution Nb3d 

spectrum (206.17 eV, Fig. 5c) can be attributed to the binding energy of Nb
5+

 of the 

sample. The high-resolution O1s peak at 528.1 eV could be attributed to the lattice 

oxygen species, while the signal at the 531.0 eV could be ascribed to the Cu-O in 

Cu2O. 
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Fig. 5. XPS survey spectrum of CNO photocatalyst (a); High resolution Cu2p 

spectrum (b); High resolution Nb3d spectrum (c); High resolution O1s spectrum (d);  

3.5 Photocatalytic activity 

The photocatalytic activities of the NaNbO3 and CNO samples were evaluated 

by their effect of degradation MO under visible light irradiation. When there was no 

photocatalyst presence, a negligible amount of MO solution will be degraded under 

visible light irradiation attribute to its high stability. The pure NaNbO3 and Cu2O 

displayed weak MO removal capability under visible light irradiation due to its wide 

bandgap and instability, respectively, as shown in Fig. 6a and h. The degradation ratio 

of MO over 4% CNO photocatalyst samples was 21.23% (Fig. 6b). With the Cu2O 

contents increasing, the photocatalytic activity was improved. The highest 

degradation rate was obtained when the contents of Cu2O increase to 8% (Fig. 6d). 

For this sample, photodegradation activity was enhanced 9 times than the 

photocatalysts samples of Cu2O and NaNbO3 mechanical mixture with the Cu2O 

content of 8% (Fig. 6g). However, the photocatalytic activity was decreased with the 
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further loading contents of Cu2O for CNO photocatalysts sample (Fig. 6e and f). It 

was possible for the photoexcited electrons in Cu2O nanoparticles to transfer into 

NaNbO3, more Cu(NO3)2 addition will lead to the formation of much larger Cu2O 

nanoparticle covering on the surface of NaNbO3 cube and then reduce the numbers of 

NaNbO3 active sites available for photocatalytic reaction [48]. 

 

 

Fig. 6. Adsorption equilibrium (A) and Photocatalytic degradation (B) of MO using 

X % CNO photocatalysts with various X: (a) X = 0; (b) X = 4; (c) X = 6; (d) X = 8; (e) 

X =10; (f) X =15; (g) Cu2O and NaNbO3 mechanical mixture with the Cu content of 

8 %; (h) Cu2O. 

Fig. 7 illustrated photocatalytic degradation pseudo-first-order kinetics of MO by 

CNO photocatalysts sample. There was a linear relationship between irradiation time 

and -ln(C/C0), which indicated that the photocatalytic degradation process complies 

with the first-order reaction kinetic process. However, Cu2O pseudo-first-order 

kinetics has poor linear correlations due to its instability. The result revealed that the 

degradation rate of the 8% CNO photocatalysts sample possess the highest 

photocatalytic activity than others. 
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Fig. 7. The photocatalytic degradation of MO using X % CNO photocatalysts under 

visible light irradiation: (a) X = 0; (b) X = 4; (c) X = 6; (d) X = 8; (e) X =10; (f) X=15; 

(g) Cu2O and NaNbO3 mechanical mixture with the Cu content of 8 %; (h) Cu2O. 

3.6 Photocatalytic degradation mechanism  

To explore the mechanism of photocatalysis using CNO composite photocatalyst, 

a series of experiments were made to find the ruling active species. In these 

experiments, t-BuOH was added to the reaction system as an hydroxyl radicals (•OH) 

scavenger [49-50], K2Cr2O7 was adopted to quench of e
-
 [51], benzoquinone as a 

scavenger for superoxide radicals (•O2
-
) and triethanolamine as a scavenger for h

+
 

[52-54]. The results of trapping experiment were shown in Fig. 8.  
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Fig. 8. Effects of a series of scavengers on the photodegradation efficiency of MO 

using 8 % CNO photocatalyst 

The t-BuOH and K2Cr2O7 exhibits a reduced the photodegradation of CNO 

photocatalysts for MO. However, the triethanolamine only has few effects on the 

photocatalytic reaction. Directed by the above active species trapping experimental 

results, the radical production could be deduced as follows: [53, 55] 

Cu2O +hv→Cu2O (e
-
CB) +Cu2O (h

+
VB )                                  (2) 

Cu2O (e
-
CB) +NaNbO3 →Cu2O +NaNbO3 (e

-
CB )                          (3) 

NaNbO3 (e
-
CB )+ O2→NaNbO3+•O2

-
                                   (4) 

•O2
-
+ HO2→•HO2+ OH-                                             (5) 

•HO2+ H2O→•OH+H2O2                                                                  (6) 

H2O2→2•OH                                                      (7) 

OH•+ MB→CO2 +H2O                                              (8) 

Fig. 9 shows the energy band structure of the Cu2O/NaNbO3 p-n heterostructure 

[53, 55]. Under the irradiation of visible light, only Cu2O was excited to produce 

electron-hole pairs in the CNO photocatalysts [30]. Then, the photogenerated 

electrons by Cu2O can transfer to the CB of NaNbO3 driven by the different band 

potential and the internal electric field, resulting in the aggregation of electrons in the 

CB of NaNbO3 and photoexcited holes in the VB of Cu2O. The aggregation of 

electronic in the CB of NaNbO3 can be easily trapped by molecular oxygen in the 

reaction system to produce •O2
-
. Thus, the separation rate of photogenerated 

electron–hole pairs was substantially increased. The formed •O2
-
 will generate 

Page 16 of 28New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



abundant active •OH radicals with water. And then, the MO was degraded by the •OH. 

 

 

Fig. 9. Schematic illustration of the charge transfer in CNO composites. 

3.7 Photoluminescence spectra (PL) studies 

In order to determine the transfer and separation efficiency of the photogenerated 

charge carriers, the samples was characterized by Photoluminescence spectra (PL), 

shown in Fig. 9a. The result showed that NaNbO3 had a strong emission peaks in the 

range of 350-380 nm and the CNO samples has weaker PL intensity than the pure 

NaNbO3 which demonstrate that the CNO samples can suppress the electron–hole 

pairs recombination efficiently. In addition, the PL intensity agreed strongly with the 

photocatalytic reaction results [56-57]. To further prove the CNO samples had 

inhibited the recombination of electron-hole pairs, the transient photocurrent response 

was performed under visible light irradiation. As shown in Fig. 9b, a small 

photocurrent density was observed for pure NaNbO3 when the light source was 

switched on. However, with loading Cu2O on the surface of NaNbO3, the transient 

photocurrent response was enhanced drastically. Thus, the results could demonstrate 

that the charge has transferred and separated effectively again. 
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Fig.10 (a): Photoluminescence emission spectra of X % CNO photocatalysts with 

various X: (a) X = 0; (b) X = 4; (c) X = 6; (d) X = 8; (e) X =10; (f) X =15. (b): 

Photocurrent versus time (I–t) curves of the pure NaNbO3 and 8 % CNO samples. 

4. Conclusions 

Composite Cu2O/NaNbO3 photocatalyst was synthesized by a facile reaction. A 

p–n heterostructure was formed by Cu2O nanoparticle and NaNbO3 cube. As a result, 

the best Cu2O/NaNbO3 photocatalyst can be successfully degradation the methyl 

orange and the photodegradation activity was enhanced 9 times than the 

photocatalysts samples of Cu2O and NaNbO3 mechanical mixture with the Cu2O 

content of 8 %.under the irradiation of visible light. The findings indicated that Cu2O 

nanoparticles could act as sensitizers for improved visible light absorption and the 

formed p-n heterostructure to reduce the recombination rate of electron-hole pair. This 

new photocatalyst promising has broad prospects in the field of environmental 

applications. 
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Fig. 1. X-ray diffraction patterns of (a) Cu2O and X % CNO photocatalysts with 

various X: (b) X = 0; (c) X =4; (d) X = 6; (e) X =8; (f) X =10; (g) X = 15 

 

 

Fig. 2. SEM image of NaNbO3 (a and b); SEM image of 8% CNO photocatalysts 

sample (c and d). 
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Fig. 3. TEM image (a and b); HRTEM (c); Inset: SAED image. EDX (d) of 8% CNO 

photocatalysts sample. 
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Fig. 4. a: UV–vis diffuse reflectance spectra of X % CNO photocatalysts with various 

X: (a) X = 0; (b) X = 4; (c) X = 6; (d) X = 8; (e) X =10; (f) X =15; (g) Cu2O; b and c : 

the Kubelka-Munk function plot of NaNbO3 and Cu2O. 

 

Page 24 of 28New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 

Fig. 5. XPS survey spectrum of CNO photocatalyst (a); High resolution Cu2p 

spectrum (b); High resolution Nb3d spectrum (c); High resolution O1s spectrum (d).  

 

 

Fig. 6. Adsorption equilibrium (A) and Photocatalytic degradation (B) of MO using 

X % CNO photocatalysts with various X: (a) X = 0; (b) X = 4; (c) X = 6; (d) X = 8; (e) 

X =10; (f) X =15; (g) Cu2O and NaNbO3 mechanical mixture with the Cu content of 

8 %; (h) Cu2O. 
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Fig. 7. The photocatalytic degradation of MO using X % CNO photocatalysts under 

visible light irradiation: (a) X = 0; (b) X = 4; (c) X = 6; (d) X = 8; (e) X =10; (f) X=15; 

(g) Cu2O and NaNbO3 mechanical mixture with the Cu content of 8 %; (h) Cu2O. 

 

 

Fig. 8. Effects of a series of scavengers on the photodegradation efficiency of MO 

using 8 % CNO photocatalyst 
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Fig. 9. Schematic illustration of the charge transfer in CNO composites. 

 

 

 

Fig.10 (a): Photoluminescence emission spectra of X % CNO photocatalysts with 

various X: (a) X = 0; (b) X = 4; (c) X = 6; (d) X = 8; (e) X =10; (f) X =15. (b): 

Photocurrent versus time (I–t) curves of the pure NaNbO3 and 8 % CNO samples. 
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The heterostructures complexes Cu2O/NaNbO3 exhibited high catalytic 

activities on degradation of methyl orange. 
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