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In this work, the Ag3PO4/TiO2 nanotube arrays (TNTAs) composite photocatalysts were successfully 

prepared by a facile chemical impregnation method, and their photocatalytic properties were 

investigated. It was found that the TNTAs sample, which was prepared by electrochemical anodization, 

consisted of a highly ordered array of nanotubes with a diameter of about 110 ± 10 nm. For the 

Ag3PO4/TNTAs sample, Ag3PO4 nanoparticles (ca. 2~8 nm) were uniformly distributed on the surface 

of TNTAs. The TNTAs sample mainly absorbed ultraviolet light and rarely visible light. In contrast, the 

Ag3PO4/TNTAs sample absorbed much stronger visible light while maintaining ultraviolet light 

absorption. More importantly, the visible light photocatalytic activity of Ag3PO4/TNTAs for rhodamine 

B (RhB) degradation was much better than that of TNTAs, and the photodegradation rate constant of 

Ag3PO4/TNTAs was about 2.6 times that of TNTAs. The improved photocatalytic activity of 

Ag3PO4/TNTAs could be attributed to the following two aspects: (1) the loading of Ag3PO4 could 

improve the visible light absorption performance and spectral utilization efficiency of TNTAs; and (2) 

the heterojunctions formed between Ag3PO4 and TNTAs could be beneficial for the separation and 

transfer of photogenerated charges, which would greatly improve the photocatalytic performance of 

TNTAs. 
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1. INTRODUCTION 

 

Modern industry has severely polluted the water resources on which we depend. Particularly, 

organic pollutants in the wastewater pose a great threat to the health of humans and aquatic organisms 

due to their high toxicity, carcinogenicity and mutagenicity [1-3]. Among the reported solutions to 
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remove organic pollutants in water, photocatalysis has attracted much attention [4-7]. As the most widely 

used semiconductor photocatalyst, TiO2 has received great attention in solving environmental pollution 

problems because of its relatively good photocatalytic activity, low price, no toxicity, good stability, and 

mild reaction conditions as well as the ability to completely mineralize the organic pollutants into CO2 

and H2O [6, 8, 9]. Compared with other forms of nano TiO2 materials, TiO2 nanotube arrays (TNTAs), 

which were firstly obtained by electrochemical anodization in 2001 [10], has obvious advantages in the 

following aspects. Firstly, due to their unique one-dimensional (1D) nanotube structure, TNTAs possess 

highly ordered pores, high specific surface area and anisotropic properties, thus exhibiting relatively 

good photoelectrochemical performances. Secondly, TNTAs are grown on the surface of titanium sheet, 

and the firm connection between them improves the structural stability and ease of use of TNTAs, and 

also facilitates the reuse of TNTAs. Lastly, more important is the well-ordered tubular nanostructure of 

TNTAs to offer much more spaces inside and outside the tubes that can be filled with other active 

substances [11-15], and thereafter realize the modification of TNTAs. In view of these advantages, the 

TNTAs may always predominate over TiO2 nanoparticles in the fields of photocatalysis, sensing, solar 

cells and so on [16]. However, the major drawbacks inherent in TiO2, i.e., poor visible light absorption 

induced by its wide band-gap and easy recombination of photogenerated charges [17], greatly restrict 

the practical applications of TNTAs. To overcome these obstacles, it is necessary to modify TNTAs. 

On the other hand, Ag3PO4, as a novel photocatalyst discovered by Ye’s group in 2010 [18], 

possesses good visible light absorption abilities and excellent visible light photocatalytic activities. 

Actually, the photocatalytic degradation rate of organic dyes over Ag3PO4 is more than ten times those 

of other visible light photocatalysts (e.g., BiVO4 and TiO2-xNx) [18-20], and thus Ag3PO4 has attracted 

much attention in the field of photocatalysis. In spite of its extremely high photocatalytic activity, the 

poor structural stability of Ag3PO4 as a result from the photocorrosion in the photocatalytic system 

inevitably becomes a major bottleneck for its application [21, 22].  

In view of the respective advantages of Ag3PO4 and TNTAs, herein, Ag3PO4 nanoparticles were 

deposited onto the surface of TNTAs to form the composite photocatalyst of Ag3PO4/TNTAs. The 

obtained Ag3PO4/TNTAs composites were then characterized by using various characterization 

techniques, and their photocatalytic performances were also evaluated by photodegradation of 

rhodamine B (RhB). It is expected that the coupling of Ag3PO4 nanoparticles with TNTAs would 

significantly improve the photocatalytic activity of TNTAs.  

 

 

 

2. EXPERIMENT 

2.1 Preparation of Ag3PO4/TNTAs 

TNTAs were prepared by electrochemical anodization of Ti foil according to our previous work 

[13]. The deposition of Ag3PO4 nanoparticles onto the TNTAs was obtained through a chemical 

impregnation method. Typically, the prepared TNTAs were firstly immersed into solution A consisting 

of 0.03 mol of AgNO3, 0.06 mol of oleylamine and 90 mL of toluene for 20 min, and then transferred to 

solution B consisting of 0.03 mol of H3PO4 and 30 mL of ethanol and kept for 5 min. This procedure 
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was repeated for 5 times to obtain the Ag3PO4/TNTAs composite. After the impregnation process, the 

obtained Ag3PO4/TNTAs composite was ultrasonically rinsed in the ethanol solution of 0.02 M NH4OH 

for 5 min to remove the residual oleylamine. The resulting product was finally dried at 60 oC in vacuum 

for 2 h. 

 

2.2 Materials characterization 

The crystal structures of the obtained samples were characterized by X-ray diffraction (XRD, 

BRUKER, D2 PHASER, Germany). The morphological features of the samples were examined by field 

emission scanning electron microscopy (FESEM, HITACHI SU 8010, Japan), and the corresponding 

microstructures were further characterized by transmission electron microscopy (TEM, JEOL JEM-

2100, Japan). The UV–vis spectra of the prepared samples were determined by a UV–vis spectrometer 

(UV–vis-NIR Spectrophotometer, SHIMADZU, UV-3600, Japan) equipped with integrating sphere 

accessory. 

 

2.3 Photocatalytic evaluation 

The photocatalytic activities of the prepared samples were evaluated by photocatalytic 

degradation of RhB aqueous solution (5 mg L-1) under visible light irradiation. For the photocatalytic 

measurement, the obtained TNTAs or Ag3PO4/TNTAs photocatalyst was placed in a quartz-glass vessel 

containing RhB aqueous solution, which was exposed to the visible light (λ ≥ 420 nm) irradiation with 

an average intensity of 20 mW cm-2 produced by a 100-W Xenon lamp assembled with an optical filter. 

The vessel was placed at a distance of 40 cm from the light source, and kept in the dark for 30 min to 

achieve an adsorption/desorption equilibrium on the samples before the light irradiation. During the 

photocatalytic process, the absorbance of the RhB solution was measured every 20 minutes at a 

wavelength of 554 nm (the maximum absorption band) using a UV–vis spectrophotometer (Puxi, TU-

1901, China). The test data were recorded and analyzed to determine the photocatalytic properties of the 

product. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Characterizations of Ag3PO4/TNTAs 

Figure 1 shows the XRD patterns of the prepared TNTAs and Ag3PO4/TNTAs samples. As seen, 

the TNTAs sample exhibited obvious characteristic diffraction peaks corresponding to the crystal 

structure of anatase (JCPDS No. 21-1272), while other characteristic diffraction peaks could be 

attributed to the crystal structure of Ti metal phase (JCPDS No. 44-1294) on the Ti substrate [14, 23]. 

As a comparison, the XRD diffraction pattern of the Ag3PO4/TNTAs sample was nearly unchanged, 

indicating that the deposition of Ag3PO4 nanoparticles would not change the crystal structure of TNTAs. 

Meanwhile, the characteristic diffraction peaks of Ag3PO4 were not observed in the XRD pattern of 
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Ag3PO4/TNTAs, which could be due to the low loading amount of Ag3PO4 nanoparticles in the 

composite. A similar phenomenon has also been observed in the Ag3PO4-modifed composite 

photocatalysts [24]. 

 

 

 

Figure 1. XRD patterns of the prepared TNTAs and Ag3PO4/TNTAs samples 

 

 

 
 

Figure 2. FESEM images of the prepared TNTAs ((a) top view, (b) cross-sectional view) and 

Ag3PO4/TNTAs ((c) low magnification, (d) high magnification). 
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Figure 2 shows the FESEM images of the prepared TNTAs and Ag3PO4/TNTAs samples. As 

shown, the TNTAs sample possessed an obvious nanotube array structure (Figure 2(a)), in which the 

TNTAs surface was relatively flat and the nanotubes were uniformly distributed with a tube diameter of 

about 110 ± 10 nm and a tube wall thickness of about 15 nm. This is consistent with the typical structural 

and morphological features of the electrochemically anodized TNTAs reported in the literature [25-27]. 

From the cross-sectional FESEM image of the TNTAs (Figure 2(b)), the length of the nanotube arrays 

was estimated to be about 1 µm. For the Ag3PO4/TNTAs sample (Figure 2(c)), a similar nanotube array 

structure was maintained, but many nanoparticles were observed on the surface of nanotube array (Figure 

2(d)), which should be Ag3PO4 nanoparticles deposited on the surface of TNTAs. The FESEM result 

confirms that Ag3PO4 nanoparticles were successfully loaded onto the TNTAs. In order to further reveal 

the microstructure of Ag3PO4/TNTAs, TEM measurements were carried out on the Ag3PO4/TNTAs 

sample, and the results are shown in Figure 3. As can be seen, a large number of Ag3PO4 nanoparticles 

were evenly distributed on the surface of nanotubes with a particle size of about 2-8 nm, indicating that 

the Ag3PO4 nanoparticles could be effectively deposited on the surface of TNTAs. The TEM results 

further confirm the successful preparation of Ag3PO4/TNTAs. 

 

 

 

Figure 3. TEM images of the prepared Ag3PO4/TNTAs: (a) low magnification; (b) high magnification. 

 

Figure 4 shows the UV-vis absorption spectra of the prepared TNTAs and Ag3PO4/TNTAs 

samples. As shown, the spectral absorption range of TNTAs was mainly in the ultraviolet region, and 

the visible light absorption of TNTAs was not obvious, as determined by the intrinsic semiconductor 

characteristics of TNTAs [28], which was in accordance with the Eg of anatase TiO2 (Eg = 3.2 eV) [12]. 

For the Ag3PO4/TNTAs sample, the absorption in ultraviolet region remained basically unchanged, 

indicating that the composite had a main structure of TNTAs. Meanwhile, the visible light absorption of 

the Ag3PO4/TNTAs was significantly enhanced in comparison with TNTAs. Apparently, the enhanced 

visible light absorption ability of the composite could be attributed to the Ag3PO4 nanoparticles 

deposited on the surface of TNTAs, since Ag3PO4 has been proven to have strong visible light absorption 

property [29-31]. The UV-vis absorption result indicates that the loading of Ag3PO4 nanoparticles could 
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significantly affect the UV-vis light absorption of TNTAs and improve the light utilization rate of 

TNTAs to a large extent, thus probably leading to the enhancement of photocatalytic activity. 

 

 
 

Figure 4. UV-vis absorption spectra of the prepared TNTAs and Ag3PO4/TNTAs samples. 

 

3.2 Photocatalytic performance 

The photocatalytic properties of the prepared TNTAs and Ag3PO4/TNTAs samples were 

evaluated by photocatalytic degradation of RhB. Figure 5 shows the photocatalytic degradation of RhB 

over the prepared TNTAs and Ag3PO4/TNTAs samples.  
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Figure 5. (a) Photocatalytic degradation efficiency of RhB over the prepared TNTAs and 

Ag3PO4/TNTAs under visible-light (λ ≥ 420 nm) irradiation; and (b) the corresponding pseudo-

first-order kinetics fitting data for RhB photodegradation. 

 

 

As can be seen from Figure 5(a), both the TNTAs and Ag3PO4/TNTAs samples exhibited 

superior photocatalytic properties under visible light. In comparison, the photocatalytic activity of 

Ag3PO4/TNTAs was significantly higher than that of the TNTAs. In addition, the kinetic process of 

photocatalytic degradation of RhB conforms to the quasi-first-order rate law equation [32, 33]: -

[ln(C/C0)] = Kappt, where Kapp is the apparent degradation rate constant.  

According to the equation, the corresponding pseudo-first-order kinetics fitting data for RhB 

photodegradation over the prepared TNTAs and Ag3PO4/TNTAs samples were presented in Figure 5(b). 

From Figure 5(b), the degradation rate constants (Kapp) of the prepared TNTAs and Ag3PO4/TNTAs 

samples were calculated to be 7.64 × 10-4 min-1 and 1.96 × 10-3 min-1, respectively, and the Kapp of the 

Ag3PO4/TNTAs sample was about 2.6 times that of TNTAs. This indicates that the photocatalytic 

activity of TNTAs was significantly improved after Ag3PO4 nanoparticles were deposited. In our 

opinion, the loading of Ag3PO4 nanoparticles greatly improved the visible light absorption capacity and 

spectral utilization efficiency of TNTAs, and the heterojunction structure formed by the two also 

promoted the separation of photogenerated charges, which has been also demonstrated in previous work 

[29, 34], thus enhancing the photocatalytic activity of TNTAs to a large extent. 

 

 

 

4. CONCLUSION 

In this work, the Ag3PO4/TNTAs composite photocatalysts were successfully prepared by the 

deposition of Ag3PO4 nanoparticles onto the surface of TNTAs through a facile chemical impregnation 

method, as confirmed by XRD, FESEM and TEM measurements. The UV-vis absorption spectra reveal 
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that the loading of Ag3PO4 nanoparticles greatly improved the visible light absorption ability and spectral 

utilization efficiency of TNTAs. More importantly, the photocatalytic activity of Ag3PO4/TNTAs for 

RhB photodegradation was greatly improved compared with that of TNTAs, and the photocatalytic 

degradation rate constant (Kapp) of Ag3PO4/TNTAs was about 2.6 times that of TNTAs. The improved 

photocatalytic performance of Ag3PO4/TNTAs could be attributed to the fact that Ag3PO4 nanoparticles 

could not only improve the spectral absorption ability of TNTAs but also facilitate the photogenerated 

charge separation efficiencies induced by the heterojunction formed between Ag3PO4 and TNTAs. 
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