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a b s t r a c t
β-naphthol, a highly toxic compound, can be absorbed through the skin and exposure to it increases 
the incidence of dermatitis, conjunctivitis, and rhinitis. In this study, silver orthophosphate 
(Ag3PO4) photocatalyst was successfully prepared via a simple thermal annealing route to remove 
β-naphthol from water under simulated visible light. The characteristics of prepared photocatalyst 
were measured by scanning electron microscopy (SEM), X-ray photoelectron spectrometry (XPS), 
X-ray diffraction (XRD), UV-vis diffuse spectra (UV-vis DRS), and photoluminescence (PL). 
Moreover, the photocatalytic activity was studied using different parameters such as catalyst con-
centration, substrate concentration, reaction pH, humic acid concentration, and in the presence of 
various common anions. All parameters except solution pH were statistically significant. It can 
be observed that 98.5% of β-naphthol can be degraded. The active species trapping experiments 
indicated that both h+ and •O2– played prominent roles in the photodegradation of β-naphthol. 
It also showed that the catalyst annealed at 400°C exhibited the best stability and reproducibility. 
In addition, this study identified the intermediate products produced during the reaction process 
to support the photocatalysis mechanism.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) with two 
or more fused aromatic rings arranged linearly, angularly, 
and clustered, widely exist in the atmosphere, water, soil, 
and organism [1]. PAHs have been classified as priority 
pollutants by the United States Environmental Protection 
Agency (USEPA) due to their potential damage to human 
health and ecosystem [2]. β-naphthol is one of the most 

toxic compounds in typical industrial PAHs and their deriv-
atives [3]. β-naphthol is mainly released from dye stuffs 
manufactory, pharmaceutical production, and some bio-
geochemical processes [4]. Every year a large amount of 
β-naphthol enters the aquatic ecosystems through industrial 
wastes. People are more likely to be infected by dermatitis, 
conjunctivitis, and rhinitis if they are exposed to β-naphthol 
since it can be absorbed by the skin. Moreover, β-naphthol 
combines with glucuronic acid and sulfate rapidly in the 
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excreta of the liver and kidney, which has adverse effects on 
the liver, kidney, and even the nervous system [5]. Therefore, 
effective removal of β-naphthol from wastewater before its 
discharge into the environment has gained considerable 
attention.

To date, various methods to eliminate β-naphthol from 
the contaminated water have been studied, including vola-
tilization, electrochemical, and biological techniques [6–8]. 
However, these technologies have some limitations and 
shortcomings, such as incomplete mineralization, toxic 
by-products, or ineffective degradation. [6]. Because of its 
high mineralization efficiency and the ideal final product 
is the production of carbon dioxide, water and inorganic 
mineral ions, photocatalytic oxidation is a “green” tech-
nology for treating organic pollutants by simulated visible 
light [9,10]. Recently, several researchers have studied the 
photocatalytic degradation of β-naphthol by TiO2, but it 
only can absorb radiation in the ultraviolet region due to 
its wide band gap of Eg = 3.2 eV, thus about 5.0% of sun-
light can be exploited. It greatly limits the use of sunlight 
[11]. Therefore, it is urgent to find semiconductor materials 
that exhibit high photocatalytic activity under visible light.

Most recently, Ag3PO4 has attracted enormous attention 
due to its extremely high photooxidative capability for O2 
evolution from water and organic pollutants photodegra-
dation under visible light irradiation [12]. More specifically, 
this novel photocatalyst exhibits an extremely high quan-
tum yield of about 90.0% at wavelengths less than 480 nm 
[13], which means a very low electron–hole recombination 
rate. However, it is well-known that Ag3PO4 is slightly sol-
uble in aqueous solution, and Ag+ can be easily reduced 
into metal Ag by exciting electrons without any sacrificial 
photoexcitation [14]. This phenomenon showed that not 
only the structure of Ag3PO4 was destroyed, but also the 
light absorption efficiency of Ag3PO4 was reduced, thus its 
photocatalytic activity and stability were affected. In recent 
years, researchers have developed various strategies to 
address this issue, including morphology-control [15,16], 
plasmonassist [17,18], and hetero-coupling technologies 
[19–22]. In addition, hydrolysis method [23], solvothermal 
method [24], template method [25], and in situ chemical con-
version [26] were also used for the preparation of catalytic 
materials. However, organic solvents and capping agents 
are usually needed to control the size and shape of the 
Ag3PO4 catalysts, and the catalytic efficiency of as-prepared 
Ag3PO4 products is also limited because of the inherent low 
porosity of these structures [27].

High temperature calcination can induce changes in 
physicochemical properties. It is a simple and effective 
approach to modify the photocatalytic activity of a semicon-
ductor [28,29]. Yu et al. [30] reported that with the increase 
of calcination temperature, the photocatalytic activity 
of anatase TiO2 increased gradually, and the increased 
photocatalytic efficiency was attributed to the increase of 
crystallization degree. Xu et al. [31] found that the g-C3N4 
crystallized by high temperature calcination showed an 
extended visible light absorption and enhanced charge 
separation and transfer efficiency due to the formation of 
nitrogen defects. Xing et al. [32] also confirmed that high 
temperature calcination could promote the release of oxy-
gen vacancies, which played an important role in improving 

the photocatalytic activity of TiO2. Therefore, high tempera-
ture calcination is a potential method to produce synergistic 
effects to enhance photocatalytic activity, including Ag3PO4.

In this study, a novel Ag3PO4 photocatalyst was success-
fully prepared by a simple thermal annealing route. The 
morphology, structural characterization, chemical composi-
tion, spectroscopic, and separation rate of photogenerated 
carriers of Ag3PO4 before and after thermal annealing were 
studied by scanning electron microscopy (SEM), X-ray dif-
fraction (XRD), X-ray photoelectron spectroscopy (XPS), 
UV-vis diffuse reflection spectrum (DRS), photolumines-
cence (PL), and zeta potential methods. The effects of pho-
tocatalyst dosage, initial substrate concentration, pH value, 
humic acid concentration, and metal ions on the photocat-
alytic degradation of β-naphthol were investigated. The 
mechanism of photocatalytic degradation was studied 
by active species capture experiment. At the same time, 
some intermediates produced in the reaction were analyzed.

2. Experimental

2.1. Preparation of samples

The pristine Ag3PO4 samples were prepared by an ion 
exchange method, which was described in pre literatures 
[33]. In a typical synthesis, the aqueous ammonia solu-
tion was slowly added to 100 mL AgNO3 (0.2 mol/L) water 
solution under a constant magnetic stirring, affording a 
silver ammonia solution, until the brown precipitate was 
completely dissolved. Then, subsequently added 75 mL 
NaH2PO4 (0.2 mol/L) solution dropwise to the above solu-
tion and stirred for 120 min. The precipitates were collected 
by centrifugation, washed five times with ethyl alcohol 
and distilled water, afterwards dried at 60°C for 6 h. Then, 
the as-obtained Ag3PO4 samples were calcined in a muffle 
furnace at 400°C for 4 h, which were denoted as Ag3PO4-400.

The preparation methods of other catalyst (Ag3PO4/g-
C3N4, Ag3PO4/WO3, and Ag3PO4/ZnO) were referred to the 
reported articles [34–36].

2.2. Characterization

SEM (JSM-7001F, Shimadzu, Japan) was used to examine 
the morphology and structure of the as-prepared samples. 
The phase structures of the powders were evaluated by XRD 
(D8 Focus, Bruker, Germany). The chemical composition 
and state of the surface were studied by XPS (ESCALAB 
250Xi, Thermo Fisher, USA). The UV-vis DRS was recorded 
in the wavelength range of 200–800 nm using the UV-vis 
near infrared spectrophotometer (Cary 5000, Varian, USA). 
PL spectra were recorded on a luminescence spectrometer 
(RF-5310PC, Shimadzu, Japan). A continuous wave 325 nm 
helium–cadmium laser was used as the excitation source 
at room temperature. The zeta potential was measured at 
various pH values with a micro electrophoresis instrument 
(JS94H, Shanghai, China).

2.3. Photocatalytic degradation experiment

In the photocatalytic system, 100 mL of aqueous solu-
tion containing the desired concentrations of β-naphthol was 
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loaded in a beaker at ambient temperature under continu-
ous stirring. The amount of catalyst was 0.05, 0.10, 0.20, and 
0.30 g, respectively, the initial concentration of β-naphthol 
was 10, 20, 30, and 50 mg/L respectively, and the initial pH 
value of the solution was 3.0, 5.0, 7.0, 9.0, and 12.0, respec-
tively. Use a 0.1 M HNO3 or 0.1 M NaOH solution to achieve 
the required pH. Different anions dosing with Cl–, HPO4

2–, 
SO4

2–, and NO3
–, different humic acid dosing concentrations 

with 0.5, 1.0, 5, and 10 mg/L. The photocatalytic activity of the 
prepared photocatalyst was investigated by using a 300 W 
xenon lamp to degrade β-naphthol solution under visible 
light (CEL-HXF300, China), and the irradiance used in the 
experiment was 40 mW/cm2. The distance between the lamp 
and the surface of the reaction solution was 10 cm. Then, for 
establishing the adsorption–desorption equilibrium of the 
photocatalyst, the solution was stirred with a magnetic bar 
during 10 min in the darkness. Afterwards, the lamp was 
turned on and the reaction mixture was exposed to simulated 
solar irradiation. Sampling interval was 2 min, and analyze 
it with Agilent 1260 infinite high performance liquid chro-
matography (HPLC) system (1260 infinite, America) after 
filtered with 0.22 μm nylon membrane filter. Total organic 
carbon (TOC) analysis of the liquid samples was performed 
on Analytik Jena multi N/C 2100S, which was produced by 
Germany. The intermediate products were determined using 
a GC-MS system (Agilent 7890 A GC with 5975C Series mass 
spectrometry). Triplicate each test and report the average result.

3. Results and discussion

3.1. Characterization of as-prepared samples

The phase structure and the crystallinity of the pristine 
Ag3PO4 and Ag3PO4-400 were investigated by XRD. As 
shown in Fig. S1a, two samples displayed characteristic dif-
fraction peaks (2θ) at 21.1°, 29.9°, 33.5°, 36.8°, 42.7°, 48.0°, 
52.9°, 55.2°, 57.5°, 61.8°, 66.0°, 70.1°, 72.1°, and 74.0°. All dif-
fraction peaks were in good accordance with the standard 
data (JCPDS No. 06-0505), which means that a pure Ag3PO4 
phase with a body-centered cubic structure was obtained. 
It was notable that upon annealing in air, the peak intensity 
became sharper and stronger, suggesting that the crystallin-
ity of Ag3PO4 became much better. Moreover, it was found 
from a partial enlargement in XRD diagram (Fig. S1b) that 
all the peaks of the calcined Ag3PO4-400 samples was sig-
nificantly shifted to a higher angle than the pristine Ag3PO4, 
implying the contraction of Ag3PO4 lattice after annealing. 
Maybe the separation of the interior Ag atoms from the 
Ag3PO4 supercell lead to such contraction of Ag3PO4 lat-
tices, leaving an isolated Ag vacancies within the heavily 
distorted AgO4 tetrahedron [37].

Fig. S2a demonstrated the UV-vis DRS of pristine 
Ag3PO4 and Ag3PO4-400. It can be observed that both of the 
two Ag3PO4 samples showed similar absorption plot. In the 
visible region, the pristine Ag3PO4 had a broader absorp-
tion than the Ag3PO4-400, and the absorption edge is about 
530 nm. It can be seen from Fig. S2b, the indirect energy gap 
of the original Ag3PO4 is estimated to be 1.67 ev. The energy 
gap of Ag3PO4-400 sample increases from 1.67 to 1.75 ev 
after heat treatment. A slight blue shift of Ag3PO4 band edge 
occurred with thermal annealing, which can be attributed to 

the difference in particle size associated with thermal treat-
ment. In addition, there is no other absorption in the visible 
region, indicating that no impurities are produced during 
the calcination process.

The morphology of the pristine Ag3PO4 and Ag3PO4-
400 catalysts were investigated using SEM analysis (Fig. 1). 
Figs. 1a and b show the SEM images of the original Ag3PO4 
show that the original Ag3PO4 is composed of spherical par-
ticles with an average particle size of about 200 nm, and the 
particles are basically monodisperse. Figs. 1c and d show 
the SEM images of the Ag3PO4-400, and the Ag3PO4 particles 
became larger with the average size of 438 nm after being cal-
cined at 400°C. Heat treatment greatly promotes the growth 
of these particles, and large particles are connected end-to-
end, thus self-assembly into chain structure. The solution 
of Ag+ in Ag3PO4-400 was inhibited by the close contact of 
annealed particles [38], Further improving the stability of 
Ag3PO4-400 catalyst.

The surface composition and chemical status of the 
pristine Ag3PO4 and Ag3PO4-400 were evaluated by the 
XPS measurements in Fig. 2. The peak identification spec-
tra of the two samples were similar and no obvious impu-
rities can be detected (Figs. 2a and b). Figs. 2c and e show 
the binding energies for Ag 3d of the pristine Ag3PO4 and 
the annealed samples Ag3PO4-400. The two strong peaks 
with binding energy of 374.2 and 368.2 eV are attributed 
to Ag3d3/2 and Ag3d5/2, respectively. Figs. 2d and f show the 
O 1s peaks of pristine Ag3PO4 and Ag3PO4-400. By using 
Lorentziane Gaussian fitting, the O 1s peaks of the two 
samples were divided into two different peaks at 530.9 and 
533.4 eV, respectively. The O 1s peak at 530.2 eV was usu-
ally attributed to the O2− ions in Ag3PO4-400, while the other 
peak at 533.4 eV was related to the loosely bounded of OH 
or H2O on the surface of Ag3PO4-400 [39,40]. Two kinds of 
oxygen concentration in the two samples were determined. 
The results showed that the bound oxygen content in the 
original Ag3PO4 and Ag3PO4-400 were 10.5% and 21.7%, 
respectively. OH or H2O rich in the surface of Ag3PO4-400 
may also play the same role as that rich in the surface of 
TiO2, such as trapping photogenerated holes to promote car-
rier separation, generating more active radicals to improve 
photocatalytic activity.

The PL emission spectra can be carried out to disclose 
the efficiency of charge carrier trapping, transfer, and 
information about the recombination of free carriers [41], 
thus the lower PL intensity indicated the lower recombi-
nation rate of charge carriers [42]. The PL emission spectra 
of the as-prepared pristine Ag3PO4 and Ag3PO4-400 with 
the excitation wavelength of 325 nm at room temperature 
were compared and illustrated in Fig. S3. It can be found 
that these two samples exhibited the similar emission peaks 
in the visible-light range and a wide range of fluorescence 
emission of 400–540 nm, which was generally considered to 
be the reorganization of the valence band holes of the exci-
tation conduction band electrons and semiconductors [43]. 
Obviously, the emission spectra of the Ag3PO4-400 decreased 
compared with that of the pristine Ag3PO4, indicating the 
energy-wasteful recombination process of electron–hole 
pairs can be inhibited effectively. These results showed that 
thermal annealing contributed to the effective separation 
of electron–hole pair, which may be one of the reasons for 



W.W. Hu et al. / Desalination and Water Treatment 207 (2020) 185–196188

the enhancement of photocatalytic activity in Ag3PO4-400 
samples under visible light irradiation.

To highlight the superior photocatalytic performance of 
the Ag3PO4-400 sample, the photocatalytic activities of the 
pristine Ag3PO4 and some reported Ag3PO4-based compos-
ite photocatalysts such as Ag3PO4/g-C3N4, Ag3PO4/WO3, and 
Ag3PO4/ZnO were also tested under the same conditions. As 
illustrated in Fig. 3, the photocatalytic rate of β-naphthol deg-
radation by the Ag3PO4-400 catalyst was higher than that of 
other catalysts, which was twice as high as that of the pristine 
Ag3PO4 catalyst. Moreover, almost no β-naphthol degrada-
tion occurred in the dark or in the absence of any photocata-
lyst, indicating light excitation and semiconductor photocat-
alyst were the essential factors for β-naphthol degradation.

3.2. Photocatalytic degradation

3.2.1. Effect of catalyst dosage

Ag3PO4-400 dosage in photocatalytic processes was an 
important factor that can strongly influence the degradation 
of β-naphthol. The dosage of 0.05, 0.10, 0.20, and 0.30 g of 
Ag3PO4-400 was used for examining the influence of catalyst 
dosage on β-naphthol removal and the results are shown in 
Fig. 4a. It can be observed that as the dosage of Ag3PO4-400 
nanoparticles increased from 0.05 to 0.20 g, the efficiency 
increased from 63.4% to 99.8% within 6 min, while the 

amount of Ag3PO4-400 exceeded 0.20 g, the degradation ratio 
of β-naphthol slightly declined. The results show that with 
the increase of the amount of catalyst, the increase of reac-
tion efficiency is mainly due to the increase of the number 
of active sites on Ag3PO4-400, which promoted the genera-
tion of active molecules. Above the optimum concentration 
of 0.20 g, the high concentration of Ag3PO4-400 would result 
in more light scattering and less ultraviolet light penetra-
tion. Moreover, particle agglomeration that occurred under 
high photocatalytic loading also can cause the deactivation 
of activated molecules and led to lower photodegradation 
efficiency.

3.2.2. Effect of initial concentration of β-naphthol

Photocatalytic degradation of β-naphthol was carried 
out using the catalyst Ag3PO4-400 with varying initial con-
centrations (10–50 mg/L) and the results were presented in 
Fig. 4b. It can be seen that as the concentration of β-naphthol 
increased, the photocatalytic efficiency decreased. When the 
initial β-naphthol concentration was 10 and 20 mg/L, the 
photocatalytic degradation efficiency was much higher than 
that of 30 and 50 mg/L. After 4 min reaction, the degradation 
rate of β-naphthol was decreased from 99.8% to 41.1% along 
with the increasing initial concentration of β-naphthol from 
10 to 50 mg/L. As the concentration of β-naphthol increased, 
the removal rate of β-naphthol decreased remarkably. 

Fig. 1. SEM images of the Ag3PO4 and the pristine Ag3PO4-400 nano-powders at different magnifications: (a) Ag3PO4 × 5,000, 
(b) Ag3PO4 × 10,000, (c) Ag3PO4-400 × 5,000, and (d) Ag3PO4-400 × 10,000.
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Fig. 2. (a) XPS spectra of pristine Ag3PO4, (b) XPS spectra of Ag3PO4-400, (c) Ag 3d of pristine Ag3PO4, (d) O 1s of pristine Ag3PO4, 
(e) Ag 3d of Ag3PO4-400, and (f) O 1s of Ag3PO4-400.
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It was due to the fact that at higher concentration, amount 
of β-naphthol and the intermediate products adsorbed on 
the photocatalyst surface might result in reduced number of 
active sites on the surface of catalyst, thus the generation of 
active species was reduced and hence inhibited its photocat-
alytic efficiency [44].

3.2.3. Effect of solution pH

One of the parameters influencing photocatalytic deg-
radation was the pH of the solution, which can affect the 
adsorption capacity of the adsorbent in aqueous medium 
by altering the surface properties of adsorbent and shifting 
the potential of some redox reactions and also influencing 
the surface charge, size of the catalysts. In order to examine 
the effect of pH, the photocatalytic experiments at different 
pH values were determined. As shown in Fig. 4c, the degra-
dation efficiency of β-naphthol was higher in the pH range 
of 3.0–12.0. Under the acidic medium (pH < 7) the system 
became positively charged (presence of H+ ions), while it 
was became negatively charged in basic medium (pH > 7) 
due to OH– ions. Ag3PO4-400 in water with negative charge 
at pH 3.0–12.0 (Fig. 4d), while the pKa of β-naphthol was 
9.51, thus almost in this pH range studied it was mainly 
found in its molecular form. Therefore, the effect of pH on 
β-naphthol removal could be considered minor since the 
electrostatic attraction cannot occur. The photocatalytic effi-
ciency of β-naphthol in weak acid, neutral, and weak base 
conditions is slightly higher than that in strong acid and 
alkaline conditions, which may be due to the solubility and 
instability of Ag3PO4-400 photocatalyst in strong acid and 
alkaline conditions.

3.2.4. Effect of the addition of humic acid

Humic acid (HA) is a major fraction of organic matter 
in natural waters or treated wastewaters, originating from 
animal and plant material breakdown. The effect of HA con-
centration on the photocatalytic efficiency of Ag3PO4-400 is 
shown in Fig. 4e. Photocatalytic degradation of β-naphthol 
was slightly enhanced by humic acid at a concentration of 

1 mg/L, which may be due to its photosensitization effect 
[45] and the generation of other reactive oxygen species 
such as •O2

–, 1O2 by HA photolysis [46]. On the other hand, 
as the concentration of humic acid further increased, the 
photocatalytic efficiency gradually decreased. It may be 
attributed to the competitive adsorption of HA on Ag3PO4-
400 active sites and attenuation of incident light in suspen-
sion resulting in reduced activation of Ag3PO4-400 [47].

3.2.5. Effect of inorganic salts

It should be noted that in addition to the organic mat-
ters contained in the actual wastewater, various inorganic 
salts would affect the photocatalytic efficiency. Therefore, 
considering this factor, we have studied the effect of 
NaCl, Na2HPO4, Na2SO4, and NaNO3 on the photocatalytic 
removal of β-naphthol by Ag3PO4-400. The degradation of 
β-naphthol in the presence of 10 mm inorganic salt is shown 
in Fig. 4f. It can be observed that no appreciable change in 
the activity of the Ag3PO4-400 catalyst occurred in the solu-
tions containing Na2SO4 and NaNO3. When the Na3PO4 was 
added, the activity of the Ag3PO4-400 catalyst was reduced 
to some degree. The possible reason was that the high con-
centration of the PO4

3– can induce high concentration of OH–, 
and the solubility products (Ksp) of Ag3PO4 and AgOH 
were 8.89 × 10–17 and 2.0 × 10–8, respectively. Obviously, 
AgOH was formed under the investigated conditions, 
while it was unstable and easily decomposed into Ag2O 
and Ag. Compared with Ag3PO4, Ag2O had a weaker photo- 
oxidation capability, resulting in a lower photocatalytic effi-
ciency. We found that, the photocatalytic performance was 
significantly inhibited when NaCl was presenctin the sys-
tem. This may be attributed to the formation of AgCl thick 
film (Ksp (AgCl) = 1.77 × 10–10) on the surface of Ag3PO4, 
which inhibited the irradiation onto the Ag3PO4-400, so 
the photodegradation rate of β-naphthol was decreased.

3.3. Degradation mechanism

The reactive species trapping experiments were per-
formed to investigate the predominant reactive oxygen 

Fig. 3. Comparison photocatalytic activity for β-naphthol degradation over Ag3PO4-400 and pristine Ag3PO4 and some reported 
Ag3PO4-based composite photocatalysts (catalyst dosage = 0.1 g, C0 = 20 mg/L, and pH = 6.8 ± 0.1).
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species during the photocatalytic process by adding Ag3PO4-
400 photocatalysts. In the experiments, isopropyl alcohol 
(IPA), benzoquinone (BQ), and ammoniumoxalate (AO) 
were separately introduced into the photocatalytic pro-
cess and acted as the scavengers of hydroxyl radical (•OH), 

superoxide radicals (•O2
–), and photoinduced holes (h+). The 

concentration of all scavengers used was 1 mmol/L in the 
reaction and the result is shown in Fig. S4. It can be found 
that the addition of IPA to the β-naphthol solution had no 
apparent effect on photocatalytic activity. However, the 

Fig. 4. Effect of (a) catalyst dosage on the photocatalytic degradation of β-naphthol, (b) initial β-naphthol concentrations, 
(c) pH, (d) zeta-potential of Ag3PO4-400, (e) addition of humic acid, and (f) inorganic salts.
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degradation efficiency decreased to 72.3% and 6.7% when 
BQ and AO were added into the reaction solution, respec-
tively, indicating that h+ and •O2

− indeed played an import-
ant role in the degradation of β-naphthol by Ag3PO4-400.

In order to more explicitly understand the degradation 
process of β-naphthol, GC-MS analysis was performed to 
identify the intermediate products of β-naphthol. The deg-
radation pathway of β-naphthol and the molecular structure 
of intermediate products are shown in Fig. 5. It suggested 
that the photocatalytic degradation of β-naphthol using 
Ag3PO4-400 as photocatalyst was mainly occurred via h+ 
and •O2

– attack. Due to the strong oxidation ability of the 
reactive groups, the benzene rings would be continuously 
destroyed, and the absence of hydroxylated intermediates 
indicated a relatively minor contribution of •OH radicals 
to the degradation of β-naphthol. Based on the results 
above, the photocatalytic mechanism can be described as 
follows:

• Under simulated sunlight irradiation, the electron–hole 
pairs were separated by photons absorption of Ag3PO4-
400. The electrons (e–) in the valence band (VB) of 
Ag3PO4-400 can be excited to its conduction band (CB), 
leading to the generation of holes in the VB of Ag3PO4-400 
simultaneously.

Ag PO - hv e hcb vb
+

3 4 400 + → +−  (1)

• •O2
– was produced by the reduction of oxygen molecules 

adsorbed on the catalyst surface by photogenerated 
electrons.

e O Ocb ads
− • −+ →( )2

2  (2)

• β-naphthol was directly degraded by the active species.

• − + →O -naphthol Products2 β  (3)

• − + →O -naphthol Products2 β  (4)

It has been confirmed that the intermediate products 
of naphthol degradation based on radicals can be further 
oxidized to stable small molecular aliphatic acids, such as 
maleic acid, malonic acid, oxalic acid, acrylic acid, formic 
acid, and acetic acid. Finally, these aliphatic organics can 
be adsorbed on the surface of the material and degraded 
into H2O and CO2 to realize the complete mineralization of 
naphthol [48].

3.4. Photocatalyst stability and regeneration

The photocatalyst stability was investigated by per-
forming repeated photocatalytic tests using pristine Ag3PO4 
and Ag3PO4-400. After each cycle, the catalysts were 
washed twice by distilled water and ethyl alcohol and then 
dried before using for the subsequent cycle. As shown in 
Fig. 6, even after five cycles, the Ag3PO4-400 also shows high 
photocatalytic activity, however, the photocatalytic degra-
dation efficiency of Ag3PO4 decreased obviously that was 
only 40% of β-naphthol degradation occurred after four 
cycles.

During the consecutive cycles, electrons can be adopted 
by the Ag+ released from the crystal lattice of Ag3PO4, 
thus leading to the deposition of Ag0 on the surface, which 
could significantly reduce its photocatalytic activity [49]. 
A facile wet chemical–oxidation method was utilized to 
regenerate Ag3PO4-400, which was previously reported 

Fig. 5. Degradation pathway proposed on the basis of GC/MS analysis during photodegradation of β-naphthol.
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by Wang et al. [50]. During the regeneration process, H2O2 
can oxidize Ag to Ag+, while the acid environment of aque-
ous solution also can dissolve Ag3PO4-400, and the rapid 
decomposition of H2O2 occurred, thus weaker alkaline 
sodium ammonium hydrogen phosphate tetrahydrate was 
chosen as PO4

3– source. As shown in Fig. S5, the photocata-
lytic activity of the regenerated Ag3PO4-400 was not as good 
as that of the fresh Ag3PO4-400 nanoparticles. However, 
the photocatalytic activity of the regenerated Ag3PO4-400 
was retained at >92.6% of its original activity, indicating a 
successful rejuvenation of Ag3PO4-400.

4. Conclusion

In summary, a novel Ag3PO4-400 photocatalyst was 
successfully synthesized using a simple and efficient ther-
mal annealing technique which exhibited the enhanced 
photocatalytic degradation of β-naphthol under visible light 
irradiation. The photocatalyst Ag3PO4-400 was found to be 
more efficient as compared with other reported Ag3PO4-based 
composite photocatalysts. The band gap of Ag3PO4-400 cat-
alyst was wider than Ag3PO4, and the quantum efficiency of 
Ag3PO4-400 is higher than that of Ag3PO4. The photocatalytic 
activity was inhibited by the high concentration of β-naphthol. 
The addition of NO3

– and SO4
2– into the reaction solution had 

practically little influence on the degradation of β-naphthol, 
however, the degradation rate was significantly reduced 
by the addition of Cl– and PO4

3–. The presence of humic acid 
at small concentrations can lead to a higher degradation 
efficiencies, but as the concentration of humic acid increased, 
the inhibitory effect gradually increased. The main active 
species that responsible for the degradation of β-naphthol 
were recognized as •O2

– and h+ through trapping experiments. 
Moreover, after thermal annealing, the photocatalyst Ag3PO4-
400 showed higher stability during β-naphthol removal than 
the pristine Ag3PO4. The experimental results showed that 
the regenerated method almost completely restored cata-
lyst activity, indicating a promising prospect of practical 
application of Ag3PO4 in the environmental remediation.
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Supplementary information

Fig. S1. (a) XRD pattern of the Ag3PO4-400 and the pristine Ag3PO4 photocatalysts, (b) partially enlarged XRD patterns of the Ag3PO4-
400 and the pristine Ag3PO4 photocatalysts.

Fig. S2. (a) UV-vis diffuse reflectance spectra and (b) band energy of samples.
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Fig. S3. PL spectra of pristine Ag3PO4 and Ag3PO4-400. Fig. S5. Photocatalytic activities of the fresh Ag3PO4-400 and the 
rejuvenated Ag3PO4-400 (catalyst dosage = 0.1 g, C0 = 20 mg/L, 
and pH = 6.8 ± 0.1).

Fig. S4. Photodegradation of β-naphthol on Ag3PO4-400 in 
the presence of different scavengers (catalyst dosage = 0.1 g, 
C0 = 20 mg/L, and pH = 6.8 ± 0.1).
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