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1  Introduction

TiO2 is widely used due to its nontoxicity, cheap 
availability, chemical stability and high photocatalytic 
activity[1-3]. TiO2 nanotube arrays (TiO2 NTs) have 
attracted much attention for their easy recycling, large 
specific surface area, strong adsorption ability and 
enough active sites for photocatalytic reactions[4,5]. 
Moreover, highly ordered TiO2 nanotube arrays have 
advantages of controllable structures[6], efficient 
electron transport channels, as well as unique 
hollow tube structures in favor of the functionalized 
modifications of materials, which can improve 
electromagnetism, photocatalysis, photoelectricity 
and antibacterial properties of TiO2. Therefore, TiO2 
NTs have potential applications in the photoelectric 
conversion, photochromic materials and photocatalytic 

degradation of pollutants[7-11]. However, because of 
its large band gap (3.2 eV for anatase and 3.0 for 
rutile), TiO2 can only absorb ultraviolet light (l< 
400 nm), which is about 4% of the total energy in 
the solar spectrum. In addition, the low efficiency 
of electron-hole separation restrains the practical 
applications of TiO2 NTs in photoelectrochemical 
and photocatalytic processes[12-15]. To overcome these 
problems, numerous modified approaches have been 
developed. One promising way is to combine TiO2 
NTs with a narrower band-gap semiconductor such as 
CdS, BiOI and Ag3PO4, assisting the charge separation 
and improving visible-light photocatalytic activity. 
Ag3PO4 with a band gap of 2.5 eV is regarded as an 
appropriate candidate to construct the heterostructure 
with TiO2

[16,17]. Ye’s research group reported the use 
of Ag3PO4 semiconductor as an active visible-light 
driven photocatalyst[18]. However, Ag3PO4 is subjected 
to stability issues because it is prone to photoreduction 
and decomposition. Yu and his coworkers modified 
Ag3PO4 photocatalyst by Ag nanoparticles and 
Fe(III) cocatalyst, which showed an obviously higher 
photocatalytic activity for the degradation of methylene 
orange (MO) than pure Ag3PO4

[19]. To enhance the 
photocatalytic stability, the synthesis of a nanosized 
Ag3PO4 particle based photocatalyst with a higher 
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surface area is important. Thus, by combining TiO2 NTs 
with Ag3PO4 nanoparticles to form a heterostructure, 
it can be expected to improve the utilization of 
visible light and charge transfer efficiency of photo-
generated carriers. In this work, highly ordered TiO2 
NTs decorated with Ag3PO4 nanoparticles were 
prepared by the two-step anodic oxidation of TiO2 NTs, 
followed by an impregnation-precipitation method. 
The photocatalytic activity of the Ag3PO4/TiO2 NT 
heterostructure was evaluated by degrading MO in 
aqueous solution.

2  Experimental

2.1 Materials
Titanium sheets (40 mm × 10 mm × 0.2 mm, 99.6%) 

were purchased from Baoji Queen Titanium Co., Ltd. 
Other chemicals were of analytical grade supplied by 
Shanghai Chemical Reagent Ltd. (China) and used as 
received. Distilled water was used in all experiments. 
2.2  Preparation of TiO2 nanotube arrays

The highly ordered TiO2 nanotube arrays were 
fabricated via electrochemically anodic oxidation[5]. 
Briefly, the titanium foils were polished with a piece 
of sandpaper, degreased and rinsed by sonication in 
acetone, ethanol and deionized water. Then, the cleaned 
titanium foils were firstly anodized in an ethylene 
glycol solution containing 0.5wt% NH4F and 2vol% 
H2O using a two-electrode electrochemical cell (Ti foil 
as the anode and Pt foil as the cathode) at 50 V for 2 h 
at room temperature. After the first-step anodization, 
th as-obtained TiO2 nanotube arrays were removed 
from Ti foil by ultrasonication in enthanol for 5 min. 
A second anodization was additionally performed 
under the same condition for 90 min to generate highly 
ordered TiO2 nanotube arrays. Subsequently, the two-
step anodized TiO2 nanotube arrays were washed with 
distilled water, followed by annealing at 450 ℃ for 2 h 
in ambient air to induce anatase crystallization.
2.3 Preparation of Ag3PO4/TiO2 nanotube 

arrays
The p-type Ag3PO4 nanoparticles were loaded 

onto the crystallized TiO2 nanotubes by a deposition-
precipitation method. First TiO2 NTs were immensed 
in an aqueous solution containing Na2HPO4 and kept 
in there for 30 min. It was then transferred to a beaker 
containing 0.03 M AgNO3 and kept for 30 min. Finally, 
the sample was rinsed with DI water. This procedure 
was prepared for a number of times to obtain Ag3PO4-
TiO2 nanotube array heterojunction (Ag3PO4-TiO2 

NTs), as shown in Fig.1. Hereafter AT1, AT2, and AT3 
denote the samples impregnated in 0.05 M, 0.25 M, 
and 0.50 M Na2HPO4 solution, respectively.
2.4 Characterization

The morphology was observed using an S-4800 
field emission scanning electron microscope (FESEM, 
Hitachi, Japan) with energy-dispersive X-ray (EDS) 
analysis. Diffraction data were collected on a Rigaku 
Japanese company D/Max-RB diffractometer with Cu 
Kα radiation (40 kV×80 mA) at a scanning speed (2θ) 
of 3°/min. UV-vis absorption spectra of the samples 
were recorded on a UV-visible spectrophotometer 
(UV-2550, Shimadzu, Japan). BaSO4 was used as a 
reflectance standard in a UV-vis diffuse reflectance 
experiment. Photoelectrochemical measurements 
were performed using a CHI660D (Shanghai Chenhua 
Equipment, China) electrochemical workstation with a 
three electrode system. The Ag3PO4-TiO2 NT electrode 
was employed as the working electrode. Meanwhile, 
a platinum electrode and saturated calomel electrodes 
served as the counter and reference electrodes, 
respectively.
2.5 Photocatalytic activity 

The photocatalytic activity of the prepared 
samples was evaluated via the photodegradation of 
methyl orange solution (MO) at ambient temperature. 
Experimental details were as follows: two pieces of 
the sample were dispersed into 20 mL of MO solution 
(10 mg/L) in a disk with a diameter of ca. 5 cm. The 
solution was allowed to reach an adsorption-desorption 
equilibrium among the photocatalyst, MO and water 
before irradiation. A 350W xenon lamp was used as a 
light source to provide simulated solar light irradiation. 
The average light intensity striking on the liquid 
surface of the reaction solution was about 40 mW/cm2. 
At certain time intervals, the reaction solution was 
centrifuged to measure the concentration of MO 
determined by a UV-visible spectrophotometer (UV-

Fig.1  Schematic illustration of the preparation of Ag3PO4-TiO2 
heterostructural nanotube arrays
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1240, SHIMADZU, Japan). As for the MO aqueous 
solution with low concentration, its photocatalytic 
decolorization is a pseudo-first-order reaction and its 
kinetics may be expressed as ln(c/c0) =-kt, where k 
is the apparent rate constant, and c0 and c are the dye 
concentrations at the initial state and after irradiation 
for t min, respectively.

3  Results and discussion

The FESEM images of as-prepared samples are 
shown in Fig.2. From the top and side views of the TiO2 
NTs (Figs.2(a)-2(b)), we can see that the nanotubes are 
vertically aligned on the Ti substrate by the two-step 
anodic oxidation, with a diameter of approximately 
100 nm, a wall thickness of about 40 nm and a length 
of about 4 nm. As can be seen from the FESEM 
images (Figs.2(c)-2(e)) of Ag3PO4-TiO2 NTs (AT1, 
AT2, and AT3) by impregnation-precipitation method, 
uniformly dispersed Ag3PO4 nanoparticles, with 
diameter ranging from 10 to 40 nm, are successfully 
grown in the vertically oriented TiO2 nanotube arrays. 
The presence of Ag3PO4 nanoparticles does not destroy 
the morphology of TiO2 NTs. Most of the Ag3PO4 
nanoparticles are evenly distributed on the top of TiO2 
NTs, while others are dispersed onto the inner wall of 
the nanotubes. It is apparent that the number of Ag3PO4 
nanoparticles increases with increasing concentration 
of Na2HPO4. At the same time, the size of loaded 
Ag3PO4 nanoparticles also gradually increases. The 

prepared TiO2 NTs loaded with Ag3PO4 nanoparticles 
(AT2) were also investigated by checking the element 
signature of EDS spectrum (Fig.2(f)). The results 
further confirmed that the samples were composed of 
Ti, O, Ag and P elements. The atomic ratios of Ti, O, 
Ag, and P elements were 32.05%, 66.90%, 0.65%, 
and 0.40%, respectively, indicating the deposition of 
Ag3PO4 on the TiO2 nanotubes.

Fig.3 shows the XRD patterns of the TiO2 NTs 
and Ag3PO4-TiO2 NT heterostuctural photocatalysts. 
The pattern of the TiO2 NTs (Fig.3(a)) is in good 
agreement with those of the Ti metal phase (JCPDS 
file No. 05-0682) and anatase phase of TiO2 (JCPDS 
file No. 21-1272). The featured diffraction peaks at 2q 
values of 25.4°, 37.8°, 48.1°, and 53.9° are attributed 
to the (101), (004), (200), and (105) crystallographic 
planes of anatase TiO2, indicating that heat treatment is 
beneficial for the phase transformation from amorphous 
TiO2 NTs to anatase. For the Ag3PO4 decorated samples 
(AT1, AT2, and AT3), besides the diffraction peaks 
of Ti substrate and anatase TiO2, new diffraction 
peaks appear at 2q values of 33.3°, 36.9°, 55.0°, and 
57.3°, which correspond to (210), (211), (320), and 
(321) crystallographic planes of Ag3PO4 (JCPDS file 
No. 6-0505), suggesting that Ag3PO4 nanoparticles 
were successfully deposited onto the TiO2 nanotube 
arrays. No diffraction peaks of other impurities were 
found, and the lattice phase of TiO2 NTs did not 
change after Ag3PO4 sedimentation. With the increase 
of concentration of Na2HPO4, corresponding crystal 
diffraction peaks of Ag3PO4 gradually strengthen 
when the amount of generated Ag3PO4 nanoparticles 
increases.

UV-visible diffuse reflection spectra (DRS) were 
recorded to study the optical properties of samples. 
It can be seen from Fig.4 that TiO2 NTs have strong 
absorption with a wavelength less than 390 nm, 
corresponding to 3.2 eV of band gap energy. Compared 

Fig.2  FESEM images and EDS spectrum of various samples: (a) 
top view of TiO2 NTs; (b) side view of TiO2 NTs; (c)-(e) 
top views of Ag3PO4-TiO2 NTs (AT1, AT2, AT3); (f) EDS 
spectrum of AT2

Fig.3  XRD patterns of various samples: (a) TiO2 NTs; (b) AT1; (c) 
AT2; (d) AT3
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with pure TiO2 NTs, Ag3PO4-TiO2 NT heterostuctural 
photcatalysts show the strong absorption in both 
ultraviolet and visible light area. In addition, AT2 
has the strongest absorption in the four samples and 
its concentration ratio of c(Ag3PO4)/c(Na2HPO4) is 
1:5. This feature of UV-vis light absorption suggests 
that heterostuctured Ag3PO4-TiO2 NT photocatalyst 
enhances the visible light response and improves the 
utilization of solar energy to a certain extend.

Photocurrent response can be used as a measure-
ment of the separation efficiency of photo-generated 
charges. The transient photocurrent response of the TiO2 
NTs and Ag3PO4/TiO2 NT photoanodes was recorded 
via several on-off cycles of irradiation to give further 
evidence for the photocatalystic activity of Ag3PO4/
TiO2 NTs (Fig.5). The photocurrents of the pure TiO2 
photoanode and modified photoanode in the dark are 
almost zero. Under simulated solar light illumination, 
the photocurrent density of Ag3PO4-TiO2 NT is greater 
than 2.60 mA·cm-2, whereas that of TiO2 NTs is 
0.83 mA·cm-2, indicating that decoration of Ag3PO4 
nanoparticles remarkably improves photocurrent 
density of Ag3PO4/TiO2 NT heterostructure. Therefore, 
superior photocurrent density of Ag3PO4/TiO2 NT 
heterostructure over that of blank TiO2 NTs suggests a 
more efficient separation and longer lifetime of photo-

excited electron-hole charge carriers over Ag3PO4/TiO2 
NT heterostructure. With increasing concentration of 
Na2HPO4, the photocurrent density further increases. 
When the concentration ratio of c(AgNO3):c(Na2HPO4) 
is 1:5, Ag3PO4/TiO2 NT photoanode (AT2) possesses 
the highest photocurrent density of 7.16 mA cm-2, in 
agreement with the results obtained by UV-visible 
diffuse reflection spectra.

To investigate the photocatalytic activity of 
the samples, photocatalytic degradation of methyl 
orange was tested using the simulated solar light 
illumination. Fig.6(a) displays the photodegradation 
of MO as a function of irradiation time with different 
photocatalysts. It can be seen from Fig.6(a) that all the 
Ag3PO4-TiO2 NT hybrids exhibit higher photocatalytic 
activity than pure TiO2 NTs. The apparent rate constants 
(k) calculated from the degradation curves of –ln(C/C0) 
versus irradiation time are 0.00509, 0.00647, 0.00995, 
and 0.00648 min-1 for TiO2, AT1, AT2, and AT3, 
respectively. These results show that AT2 possesses 
the highest photocatalytic rate, which is about 2 times 
that of pure TiO2 NTs. The probable reason is that the 
Ag3PO4-TiO2 NT heterostructure is constructed and an 
internal electric field forms to transfer photo-generated 
carriers and promote the separation of photo-generated 
electron-hole pairs. In addition, the optical response of 
TiO2 NT loaded with Ag3PO4 extends to the visible light 
region, and thus improves its activity under visible light. 
To evaluate the stability and reusability of Ag3PO4-
TiO2 NT heterostructures, additional experiments of 
AT2 sample to degrade MO were carried out under 
visible light cycled for four runs. As shown in Fig.6(b), 
the activity of AT2 sample decreases evidently at the 
second run. The reason for this is that a small number 
of Ag3PO4 particles loaded on the surface of TiO2 NTs 
dissolve in photocatalytic process, and at the same 
time part of Ag3PO4 nanoparticles are decomposed into 
silver element under illumination. With the illumination 
time extended, the photocatalytic performance of third 
and fourth runs is stable, implying a good stability of 
photocatalyst. Multiple loop performance of Ag3PO4-
TiO2 NTs is superior to that of TiO2 NTs. The origin of 
its high performance of Ag3PO4 is that the formation of 
PO4 tetrahedral units with strong P-O bonds weakens 
the covalent nature of the Ag-O bonds, which is 
advantageous for the carrier transfer to surface[20, 21]. 
When the concentration of AgNO3 unchanges, the 
number of Ag3PO4 nanoparticles gradually increases 
with increasing concentration of Na2HPO4. When 
the concentration ratio of c(AgNO3):c(Na2HPO4) 

Fig.4  UV-vis diffuse reflection spectra of various samples: (a) TiO2 
NTs; (b) AT1; (c) AT3; (d) AT2

Fig.5  The photocurrent curves of various samples: (a) TiO2 NTs; 
(b) AT1; (c) AT3; (d) AT2
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is 1:5, the photocatalytic activity is the best, which 
is 2 times that of undecorated TiO2 NTs. While the 
concentration ratio of c(AgNO3):c(Na2HPO4) reaches 
1:10, the photocatalytic activity declines, but is still 
better than that of pure TiO2 NTs. It is accepted that 
high concentration of Na2HPO4 leads to the generation 
of larger Ag3PO4 particles, which blocks TiO2 NT 
channels, as shown in Fig.2(e). Therefore, the separation 
efficiency of photo-generated carriers decreases, thus 
causing lower photocatalytic performance.

Based on our previous study, a photoinduced self-
stabilizing mechanism was proposed to account for 
the formation of stable Ag-based photocatalysts[22,23]. 
Namely, instable Ag3PO4 can be transformed into a 
stable Ag-Ag3PO4 photocatalyst after in situ formation 
of partial Ag on the surface of Ag3PO4 nanoparticles 
loaded on TiO2 NTs. The conduction band (CB) and 
valence band (VB) potentials of Ag3PO4 are +0.4 eV 
and 2.9 eV versus normal hydrogen electrode (NHE), 
respectively[15]. In Ag3PO4-TiO2 NT heterojunction, 
the VB edge potential of TiO2 (+2.7 versus NHE[24]) 
is higher than that of Ag3PO4, while the CB of TiO2 
(-0.45 eV versus NHE[24]) is lower than that of 
Ag3PO4. Fig.7 shows the photocatalytic reaction 
mechanism for Ag3PO4-TiO2 NTs under simulated 

solar light irradiation, indicating that the separation of 
electrons and holes follows two aspects: TiO2 produces 
photo-generated electron-hole pairs under ultraviolet 
absorption,  some electrons transfer from CB of 
TiO2 to the surface of Ag3PO4, and further transfer to 
silver nanoparticles generated by the decomposition 
of Ag3PO4 nanoparticles. As for the photo-generated 
electron-hole pairs produced by Ag3PO4, since the 
VB position of Ag3PO4 is lower than that of TiO2, 
holes migrate from the VB of Ag3PO4 to the VB of 
TiO2. The holes trapped in the VB of TiO2 serve 
as reactive species for the degradation of organic 
pollutants. These two paths make the separation of 
photo-generated electrons and holes and effectively 
suppress the combination of carriers, thus improving 
the photocatalytic activity. With increasing content of 
Ag3PO4 particles, the contact area between Ag3PO4 
nanoparticles and TiO2 NTs decreases. Moreover, many 
modified Ag3PO4 nanoparticles grow on the surface of 
TiO2 NTs, which becomes the recombination centers 
of electrons and holes, and thus the photocatalystic 
activity of Ag3PO4-TiO2 NTs declines.

According to the above analysis, the reaction 
processes of photocatalytic degradation are summarized 
in the following equations, where, h+ denotes the hole 
of the valence band, and e- denotes the electron of the 
conduction band.

TiO2 + hv → h+ + e-                          (1)

TiO2(e-) + Ag3PO4 → TiO2 + Ag3PO4(e-)         (2)

Ag3PO4 + hv → h+ + e-                   (3)

Ag3PO4(e-) + Ag → Ag3PO4 + Ag(e-)          (4)

Fig.6  Photocatalytic activity of samples under the illumination 
with simulated solar light: (a) the rate constant of the MO 
decomposition by various photocatalysts: TiO2 NTs, AT1, 
AT2 and AT3; (b) the compared photocatalytic performance 
of TiO2 NTs and AT2 photocatalysts Fig.7  Schematic diagram for photocatalytic reaction of Ag3PO4-

TiO2 NTs under the illumination with simulated solar light
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e- + O2 →O2
-                          (5)

h+ + H2O → ·OH + H+                  (6)

O2
-, ·OH, h+ + MO → H2O + CO2 + other inorganic 

molecules	 (7)

4  Conclusions

I n  s u m m a r y,  a  n o v e l  A g 3P O 4- Ti O 2 N T 
heterostructure, in which Ag3PO4 nanoparticles 
decorated on highly ordered TiO2 nanotube arrays, 
has been synthesized by a two-step anodic oxidation 
method and then by a deposition-precipitation 
method to load Ag3PO4. Under simulated solar light 
irradiation, the photocatalytic degradation rate of 
methyl orange with Ag3PO4-TiO2 NTs is significantly 
higher than that with bare TiO2 NTs. It is suggested 
that photo-generated electrons in TiO2 can be quickly 
transferred to the conduction band of Ag3PO4, while 
photo-generated holes in Ag3PO4 can be transferred 
to the valence band of TiO2. The photo-generated 
charge separation at the interface of Ag3PO4-TiO2 NT 
heterostructure suppresses the recombination of photo-
generated electron-hole pairs and leads to an enhanced 
photocatalytic activity and stability of Ag3PO4-TiO2 
NTs. In addition, the formation of Ag3PO4-TiO2 NT 
heterostructure increases the absorption of ultraviolet 
and visible light and improves the utilization of solar 
light. The concept of constructing Ag3PO4-based 
heterostuctural photocatalyst for photo-generated 
charge separation can also be extended to design and 
develop other highly efficient photocatalysts.  
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