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Abstract
In order to improve the photocatalytic degradation performance of Ag3PO4 and reduce the cost of photocatalyst made of 
Ag3PO4, a kind of Ag3PO4/TiO2 composite was successfully fabricated via a simply precipitation method for the Ag3PO4 
nanoparticles being loaded on the surface of commercial titanium dioxide (P25) to form a heterostructure. The Ag3PO4/
TiO2 composite were characterized by FT-IR, XRD, XPS, FE-SEM, HR-TEM, DRS and PL and applied for the degrada-
tion of formaldehyde solution under solar radiation. The results showed that the degradation rat of Ag3PO4/TiO2 composite 
(0.01796 min−1) was much higher than that of pure Ag3PO4 (0.00775 min−1), indicating that the Ag3PO4/TiO2 composite 
possessed better photocatalytic degradation activity for the formaldehyde solution than pure Ag3PO4. The composite signifi-
cantly decreased the dosage of silver for photocatalyst under solar radiation, thereby reduced the cost of the photocatalyst 
made from silver.
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1  Introduction

With the development of economy and the improvement 
of people’s living standard, the interior decoration was 
paid more attention, and lots of textiles were used. This 
inevitably results in indoor air pollution, among which 
formaldehyde is one of the most typical pollutants, and 
it is harmful to human body, prolonged exposure to for-
maldehyde may cause the immune system of body being 
injured, leading to central nervous system being damaged, 
growth disorders, blindness and respiratory diseases [1, 2], 
and may even cause cancer and probably leukemia [3]. It 
is urgent to remove formaldehyde efficiently, and to do it 
without secondary pollution.

Photocatalytic technology widely used as a kind of 
green technology in energy conversion, pollution treatment 
and air purification has attracted great attention in recent 
years. Among the numerous semiconductor photocatalysts, 
silver phosphate (Ag3PO4), a kind of materials with quan-
tum efficiency up to 90% [4, 5], which can absorb sunlight 
with wavelength short than 520 nm [6], has been widely 
researched for its extremely high photooxidative capabili-
ties for O2 evolution from water as well as the degradation 
of organic pollutants under visible light irradiation [7]. 
As a kind of narrow band gap photocatalysts [8], Ag3PO4, 
with higher photocatalytic activity than that of many other 
visible light photocatalysts such as TiO2–xNx, BiVO4 and 
WO3 [9], has a wide range of applications in the future. 
However, the silver belongs to noble metal, its price is 
relatively high. How to reduce the cost of its application 
without sacrificing its photocatalytic performance is still 
a challenge.

The titanium dioxide (TiO2) has been proved to be a 
prospect photocatalysts because of its low cost, nontoxic-
ity and long-term photostability [10–13]. But the band gap 
of TiO2 is large, which makes it only absorb the lights in 
ultraviolet (UV) region. While the UV light occupied only 
3–5% in the solar spectrum, this may limited the applica-
tion of TiO2 in visible region [14]. To improve the utiliza-
tion ratio of solar light, much efforts has been invested to 
expand the band gap of TiO2, including metal and non-
metal ion doping [14], organic dye sensitization, surface 
precious metal deposition, semiconductor composite and 
other means [15]. Obviously, the semiconductor composite 
has proved to be an efficient way to extend the absorption 
spectra of TiO2 into the visible region [16–19].

However, the conduction band of TiO2 is more negative 
than that of Ag3PO4, and the valence band of them are 
similar [20, 21], thus it is appropriate to construct het-
erojunction to make the composite response under vis-
ible light and reduce the cost of the photocatalyst made 
from silver [22]. Therefore, in this study, we use a simple 

precipitation method by depositing Ag3PO4 nanoparticles 
onto the surface of commercial TiO2 (P25) to prepare the 
Ag3PO4/TiO2 composite for reducing the cost of the pho-
tocatalysts made from silver while not affecting its photo-
catalytic property. Taking into account the convenience of 
the experiments, the composites were applied to degrade 
formaldehyde in aqueous solution, the photocatalytic prop-
erty of the composite has been measured, and compared 
with that of pure Ag3PO4 and P25.

2 � Experimental

2.1 � Materials

Silver nitrate (AgNO3), formaldehyde solution (HCHO), 
isopropanol (IPA) and ammonia (NH3·H2O) were obtained 
from Hangzhou Gaojing Fine Chemical Co. Ltd. Sodium 
hydrogen phosphate (Na2HPO4·12H2O), ethylene diamine 
tetraacetic acid (EDTA) and benzoquinone (BQ) were pur-
chased from Aladdin Reagent Co. Ltd. These above rea-
gents were all analytical grade. Commercial titanium diox-
ide (P25, mixture of anatase and rutile) was achieved from 
Guangzhou Heqian Trading Co. Ltd. All of the experiments 
the deionized water were used. The reagents were used as 
received without further purification.

2.2 � The Fabrication of Ag3PO4/TiO2 Composite

The Ag3PO4/TiO2 composite was fabricated by a simple 
precipitation method as following: 0.005 mol commercial 
TiO2 was dispersed in 30 mL deionized water to form a 
mixture, and the pH of the mixture was adjust to 10 with 
ammonia, then the mixture was sonicated for 20 min to 
obtain a white suspension. Subsequently a certain amount 
of AgNO3 (0.1 M) was added into the suspension, which was 
continuously stirred for 30 min. Then the Na2HPO4 (0.1 M) 
solution was added dropwise into the above solution, which 
was stirred for 5 h at room temperature. After that, the pre-
cipitate was obtained by centrifugated and rinsed thoroughly 
with deionized water until the solution near neutral, and it 
was dried in the vacuum at the temperature of 60 °C for 
12 h. Finally the Ag3PO4/TiO2 composite was obtained. For 
comparison, the pure Ag3PO4 was obtained at the same con-
ditions in the absence of commercial TiO2.

2.3 � Characterizations

Fourier transform infrared (FT-IR) analysis was performed 
to evaluate the functional identification of the composite 
photocatalysts using a spectrophotometer (Nlcolet iS50, 
USA) in a wavenumber ranging from 400 to 4000 cm−1. 
X-ray diffraction (XRD) patterns were identified by a ARL 
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XTRA diffractometer (Thermo ARL, Switzerland) to record 
the crystal structures over 2θ in the range of 20°–80° at a 
scanning rate of 4 °/min. X-ray photoelectron spectroscopy 
(XPS) was conducted on a K-Alpha spectrometer (Thermo 
Fisher Scientific, USA) to detect the chemical states and the 
elemental composition of the composite, and the binding 
energy was calibrated by the C1s peak of the contamination 
carbon. The surface morphology structure of the composite 
photocatalysts was observed by the Field emission scanning 
electron microscope (JSM-5610LV, JEOL, Japan). The lat-
tice structure of the sample was examined by the high-res-
olution Transmission electron microscopy (GATAN, 832, 
USA). The diffuse reflectance spectra (DRS) was recorded 
on a UV–Vis spectrophotometer in the wavelength range 
of 325–700 nm. The photoluminescence spectroscopy (PL) 
was obtained by using the fluorescence spectrophotom-
eter (F-46001, Japan). The electron spin resonance (ESR) 
signals of superoxide radical (·O2

−) and hydroxyl radical 
(·OH) trapped by DMPO were conducted by a Bruker model 
spectrophotometer.

2.4 � Photocatalytic Degradation Test

The photocatalytic activity of all samples was measured by 
the decomposition of formaldehyde solution in a reactor at 
room temperature during the process by circulating with 
cool water, with a 350 W xenon lamp as light source, 100 mg 
Ag3PO4/TiO2 composite was dispersed in 50 mL the as-
prepared formaldehyde solution (3.2 mg/L), and before the 
photocatalytic reaction, first the suspension was stirred in the 
dark condition for 30 min for adsorption–desorption equilib-
rium, then, under the light source, the photocatalytic reaction 
experiment was carried out. Take 5 mL of the reaction liquid 
at any given time, then the reaction liquid was centrifugated 
to get the supernatant, the as-prepared acetylacetone solution 

which used as the colour reaction agent of the formaldehyde 
solution was added into the supernatant to get a pale yellow 
transparent solution. According to the change of the absorb-
ance at the maximum absorption wavelength (413 nm), the 
change of the concentration of formaldehyde solution was 
determined, so as to judge the photocatalytic degradation 
performance of the photocatalyst. The residual rate of the 
solution was calculated by R = {1 − (C0 − Ct)/C0} × 100%, 
where C0 and Ct were the concentrations of the solution, 
when the reaction time was 0 and t respectively. According 
to the Langmuir–Hinshelwood kinetics model, the process 
of the photocatalytic reaction in accordance with first-order 
kinetics can be expressed as the following equation [23]:

3 � Results and Discussion

3.1 � Structure and Morphology Analysis of Ag3PO4/
TiO2 Composite

The infrared spectra of Ag3PO4 and Ag3PO4/TiO2 composite 
photocatalysts were showed in Fig. 1. These infrared spec-
tra were ranged from 400 to 4000 wavenumbers. Figure 1a 
shows two board peaks, the board peak around 3000 cm−1 
was assigned to the O–H stretching vibration of the adsorbed 
water, the peak around 975 cm− 1 can be assigned to the 
PO4

3− stretching vibration [24], and compared with Fig. 1a, 
there were another two peaks in Fig. 1b, they are around 700 
and 1100 cm−1, the board peak corresponds to the O–Ti–O 
bond stretching. Therefore the infrared spectra indirectly 
proved that the Ag3PO4/TiO2 composite photocatalysts had 
been achieved.
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Figure 2a shows the XRD patterns of commercial TiO2 
(P25), as-prepared Ag3PO4 and Ag3PO4/TiO2 composite. It 
is observed that the XRD pattern of Ag3PO4 was in good 
agreement with the XRD pattern of the standard Ag3PO4 
(JCPDS no. 06-0505) [22], it was attributed to the body-
centered cubic structure, the diffraction peak was sharp, and 

the half peak width was narrow, there was no impurity peak, 
it showed that Ag3PO4 has higher crystallinity and fewer 
crystal defects. The titanium dioxide was commercial TiO2 
(P25), a mixture of anatase and rutile phase. The Ag3PO4/
TiO2 composite showed the characteristic diffraction peaks 
of Ag3PO4 and TiO2, there were no other impurity peaks, the 
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result revealed that there was no chemical reaction between 
Ag3PO4 and P25.

In order to further analysis the chemical states and the 
elemental composition of the composite, XPS measurements 
were carried out, and the result can be seen in Fig. 2b–f. 
From the survey spectrum the primarily peaks are corre-
spond to Ti, O, Ag, C and P elements. The element of carbon 
was attributed to the calibration carbon. The peak centered 
at 133.48 eV was related to the p5+ of P 2p in Ag3PO4 [25], 
and from the picture the peaks at 368.08 eV and 373.98 eV 
were seen which were corresponded to the 3d3/2 and 3d5/2 of 
Ag+ respectively [26], there was no peak found at 369.2 eV 
and 375.8 eV which proved that there is no Ag0 exist. The 
peak located at 458.88 eV and 464.58 eV could be assigned 
to Ti 2p1/2 and Ti 2p3/2 respectively [20], and the splitting 
between them is 5.7 eV, indicating that the element of Ti 
was in the normal state of Ti4+. The element of oxygen have 
three different forms of binding energy on the surface of the 
composite, they were 529.78 eV, 530.58 eV and 532.18 eV 
respectively, and the peaks at 529.78 eV and 530.58 eV were 
attributed to the oxygen lattices in Ag3PO4 and TiO2 [27], 
the other one was ascribed to the present of hydroxyl groups 
on the surface of the composite. The results of XPS further 
proved that we had obtained the Ag3PO4/TiO2 composite.

Figure 3a showed the morphological characteristics 
of the Ag3PO4/TiO2 composite when the molar ratio of 
Ag3PO4 and TiO2 was 5:5. From the image, it could be 
seen that there were two kinds of particles (big particles 
and small particles), and the smaller nanoparticles were 
loading on the surface of the bigger one. Figure 3b, c show 
the TEM images of TiO2 and Ag3PO4/TiO2 composite. For 
further observation, Fig. 3d showed the high magnifica-
tion TEM image of Ag3PO4/TiO2 composite. The image 
of Fig. 3b revealed that the average particle size of TiO2 
was about 25 nm, and from the image of Fig. 3d it could 
be seen clearly that there were two types of lattice fringes. 
One of the observed lattice spacing of 0.350 nm was in 
good agreement with the (101) plane of anatase TiO2 
(JPCDS no. 21-1272) [21], and the other lattice spacing 
of 0.268 nm was attributed to the (210) plane of Ag3PO4 
(JPCDS no. 06-0505) [22]. Therefore it can be conclude 
that the Ag3PO4 nanoparticles were successfully loading 
on the surface of TiO2, and the TEM image was shown in 
Fig. 3c, the size of these Ag3PO4 nanoparticles was about 
5–9 nm, it was much smaller than that of pure Ag3PO4 
with the average particle size being about 1261 nm. This 
may be due to the electrostatic repulsion between TiO2 
and HPO4

−, which slowed the reaction between Ag+ and 

Fig. 3   a SEM image of Ag3PO4/TiO2 composite (Ag3PO4:TiO2 5:5), b, c TEM images of TiO2 and Ag3PO4/TiO2 composite (Ag3PO4:TiO2 5:5), 
d HR-TEM image of Ag3PO4/TiO2 heterostructures
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PO4
3−, therefore, the size of Ag3PO4 on the surface of 

TiO2 was relatively small.
The UV–Vis diffuse ref lectance spectroscopy of 

Ag3PO4, commercial TiO2 and Ag3PO4/TiO2 composite 
were shown in Fig. 4. It could be seen clearly that TiO2 
could only absorb the light in UV region, barely absorb 
the light in visible light region. The UV–Vis diffuse 
reflectance spectroscopy of Ag3PO4 indicates that it could 
absorb the solar energy with the absorption edge about 
506 nm. From the picture it could be observed that the 
Ag3PO4/TiO2 composite showed a red shift in its absorp-
tion bands being compared with TiO2, and it had a strong 
absorption in solar, which was because of the Ag3PO4 
nanoparticles loading on the surface of TiO2 to form a 
heterostructure.

3.2 � Photocatalytic Degradation Performance Test 
Under Solar Radiation

The photocatalytic degradation performance of Ag3PO4/
TiO2 composite were shown in Fig. 5. To silver phosphate, 
after solar radiation for 70 min, almost 50% of the formal-
dehyde had been degraded, this proved that silver phos-
phate had a certain extent capability of degrading formal-
dehyde solution, but it is not ideal, and the silver belonged 
to noble metal, its price is relatively high. In this article, 
the cheaper TiO2 was chosen to composite with Ag3PO4 for 
reducing the dosage of Ag3PO4 for preparing photocata-
lyst, and it was found that the Ag3PO4/TiO2 composite had 
a better photocatalytic activity compared with Ag3PO4 as 
photocatalyst, after solar radiation for 70 min almost 80% 
of the formaldehyde could be degraded. With the increase 
of Ag3PO4 in the composite, the photocatalytic activity 
increase, especially when the molar ratio of Ag3PO4 and 
TiO2 was 5:5, the degradation rate (0.01796 min−1) of 
formaldehyde over Ag3PO4/TiO2 are 2.32 times higher 
than that (0.00775 min−1) of Ag3PO4, when the Ag3PO4 
being increased continuously the photocatalytic activity 
of Ag3PO4/TiO2 composite decrease. For further analy-
sis the photocatalytic activity of the photocatalysts, the 
PL spectrum analysis was carried out to investigate the 
separation efficient of photogenerated electrons and holes. 
Generally speaking, the lower PL emission signal indi-
cates the higher separation efficient of photogenerated 
electrons and holes, and resulting in higher photocatalytic 
activity. The PL emission of TiO2, Ag3PO4 and Ag3PO4/
TiO2 composite was shown in Fig. 6. Compared with pure 
TiO2 and Ag3PO4, the PL intensity of Ag3PO4/TiO2 com-
posite decreased significantly, this clearly reveal that the 
Ag3PO4 composite with TiO2 can obtain a higher charge 
separation efficiency, and the Ag3PO4 deposited on the 
surface of TiO2 can greatly inhibited the recombination of 
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photogenerated electrons and holes under solar radiation. 
The PL intensity decreased with the increase of Ag3PO4 
being loaded on the surface of TiO2 and reach a minimum 
when the molar ratio of Ag3PO4 and TiO2 was 5:5, which 
indicating the better photocatalytic activity of the Ag3PO4/
TiO2 composite. However, the intensity of PL increased 
when the Ag3PO4 being increased continuously. This may 
be ascribed to the factor that the spare Ag3PO4 become 
the recombination centre of photogenerated electrons and 
holes. The PL results were in consistent with the photo-
catalytic activity of the Ag3PO4/TiO2 composite.

3.3 � Stability of Ag3PO4/TiO2 Composite in Recycling 
Reaction for Formaldehyde Degradation

Apart from the photocatalytic degradation performance, 
the recycling stability of photocatalyst is another impor-
tant performance for the practical application. The recy-
cling experiments were carried out to compare the sta-
bility between Ag3PO4/TiO2 composite and pure Ag3PO4 
for the photodegradation of formaldehyde solution under 
solar radiation, as shown in Fig. 7. After three recycling 
runs, from the corresponding results we can know that the 
photocatalytic degradation performance of Ag3PO4/TiO2 
composite was better than pure Ag3PO4 in all these recy-
cling experiments. The photocatalytic activity of Ag3PO4 
and Ag3PO4/TiO2 composite were all only slightly reduced 
after three consecutive recycling experiments, indicating 
that the combination of Ag3PO4 and TiO2 didn’t affect the 
cyclic stability of the composite. At the same time, the 
results indicate that the Ag3PO4/TiO2 composite photo-
catalyst has a better photocatalytic activity and recycle 
stability compared with Ag3PO4.

3.4 � The Mechanism of Photocatalytic Activity 
of Ag3PO4/TiO2 Composite

In the process of photocatalytic reaction, the main factor 
that affects the activity of the photocatalysts is the separa-
tion and transfer of the photogenerated electrons (e−) and 
holes (h+). The photogenerated electrons tend to combine 
with O2 in the solution to form superoxideradical (·O2

−), 
and the holes tend to combine with water molecules and 
hydroxyl ion to produce hydroxyl radical (·OH). In order 
to study the mechanism of the degradation process, the 
scavenging experiments were conducted on Ag3PO4/TiO2 
composite which the mole ratio of Ag3PO4 and TiO2 was 
5:5 for the degradation of formaldehyde solution under 
solar radiation. In this study, three different chemicals 
ethylene diamine tetraacetic acid (EDTA), benzoquinone 
(BQ) and isopropanol (IPA) was used as scavengers for 
holes (h+), superoxideradical (·O2

−) and hydroxyl radi-
cal (·OH) respectively. As shown in Fig. 8a, b, it can be 
found that the photocatalytic degradation rate decreased 
in the order for decrease degree: IPA (·OH) < BQ (·O2

−) 
< EDTA (h+), when IPA was added in, the photocatalytic 
activity was slightly decreased, which indicate that ·OH 
was not the main reactive species during the photocatalytic 
reaction. On the contrary, when EDTA and BQ were added 
in, the photocatalytic activity was significantly decreased, 
which indicated that h+ and ·O2

− were the main reactive 
species during the photocatalytic reaction in the Ag3PO4/
TiO2 system. Furthermore, the main photocatalytic activ-
ity species ·OH and ·O2

− of the Ag3PO4/TiO2 compos-
ite were also detected by ERS spin-trap technique (with 
DMPO), as shown in Fig. 8c, d, there are six characteristic 
peaks of the DMPO-·O2

− radicals under solar radiation 
that can not be detected under dark, and there is hardly 
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any peak of the DMPO-·OH radicals whether under solar 
radiation or dark. Thus, h+ and ·O2

− can be considered as 
the main reactive specie rather than ·OH in Ag3PO4/TiO2 
composite photocatalytic reactions.

The probably mechanism of photocatalytic activity of 
Ag3PO4/TiO2 composite was showed in Fig. 9. As shown 
in Fig. 9, under solar radiation, the Ag3PO4 and TiO2 
absorbed the photons, produced the photo-generated elec-
trons in the conduction band (CB) and photo-generated 
holes in the valence band (VB), because of the potential 
valence band and conduction band of TiO2 were more neg-
ative than that of Ag3PO4 [7, 28], then photo-generated 
holes quickly transferred to the surface of TiO2, photo-
generated electrons transferred to the surface of Ag3PO4, 
at the same time the photo-generated electrons absorbed 
O2 in the solution to form ·O2

−, in such a way, prevented 
the recombination of the photo-generated electrons and 
photo-generated holes to promote the separation of them, 
thus improved the photocatalytic activity of the Ag3PO4/
TiO2 composite photocatalyst.
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4 � Conclusion

The Ag3PO4/TiO2 composite was successfully fabricated 
via a simply precipitation method. The Ag3PO4 nanopar-
ticles were loaded on the surface of commercial titanium 
dioxide (TiO2), and the size of Ag3PO4 nanoparticles was 
about 5–9 nm. From the images of the HR-TEM it could be 
seen that Ag3PO4 were dispersed on the surface of TiO2 to 
form the formation of heterojunctions. The Ag3PO4 nano-
particles on the surface of TiO2 made the absorption bands 
of TiO2 have a red shift, thus improved the photocatalytic 
performance of the composite. The composite showed much 
higher photocatalytic activity under solar radiation than pure 
Ag3PO4 and TiO2 for Ag3PO4/TiO2 composite was a forma-
tion of heterojunctions. Therefore it was showed that the 
Ag3PO4 composited with TiO2 can not only enhance the 
photocatalytic activity, but also reduce the cost of Ag3PO4 
as photocatalyst under solar radiation.
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