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In this work, Ag3PO4/PANI/Cr:SrTiO3 photocatalysts were designed to effectively eliminate organic pollu-
tants including Rhodamine B and phenol from high salinity wastewater under visible light. The phase
composition, optical properties, and morphology of powders were studied, and the effects of inorganic
salts on removal performance of the as-prepared particles were also tested. Results showed that the pho-
tocatalytic activities of Ag3PO4/PANI/Cr:SrTiO3 composites for Rhodamine B and phenol reached 100%
within 10 min and 18 min, respectively. The reaction rate of pure Ag3PO4 was 7 times less than that of
the ternary composite with the adding of PANI and Cr:SrTiO3. The activity of Ag3PO4/PANI/Cr:SrTiO3

remained at 92.25% after five cycles, so the photocatalytic and recyclable performance of ternary compos-
ite was greatly improved. In addition, when there was SO4

2� with a content of ranging from 1% to 21%, the
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Cr:SrTiO3

Visible light
Salinity
Sulfate
degradation activity of the ternary catalyst under visible light was not changed for Rhodamine B, which
indicated that the ternary catalyst exhibited the excellent sulfate resistance ability. Results from ESR and
radical trapping experiments showed that �O2

� and h+ made an important contribution to visible-light
photocatalytic activities.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

With the development of industrialization worldwide, different
types of industrial wastewater were discharged to the environ-
ment, which has become the focus of sustainable development
and protection for the environment [1,2]. Recently, high salinity
wastewater with a total salt content of at least 1% were produced
in many industries including electric power, oil refining, chemical
industries, metallurgy, papermaking, and pesticide industries
[3,4]. Salt substances, such as Cl�, SO4

2�, Na+, Ca2+, are essential
nutrients for microbial growth, which play a key part in microbial
growth [5,6], for example, accelerating enzyme catalysis, maintain-
ing membrane equilibrium, and adjusting osmotic pressure. How-
ever, too high concentration of these ions would lead to inhibition
and poisoning to microorganisms. Therefore, traditional biological
methods (eg. activated sludge processes) for the treatment of high
salinity wastewater are usually impracticable because high con-
centration of salt and high osmotic pressure would result in dehy-
dration of microorganism cells and cell protoplast separation [7].
For instance, the high concentration of salt increases the density
of wastewater, and it is easy to the activated sludge to float, which
seriously affects the purification effect of biological treatment sys-
tem [5,6]. In a word, it is important to develop other approaches to
address this issue. Recently, semiconductor photocatalytic tech-
nique, a low-cost and environmentally friendly technology, has
shown potentials for applications in electrochemistry, photochem-
istry, catalytic chemistry, biochemistry, and environmental protec-
tion [8–11]. TiO2, as one of the most common photocatalysts, has
utilization of ultraviolet radiation that is the proportion of 3%-5%
of the solar energy. However, the quantum efficiency of TiO2 is
low (4%-10%) [12,13], so the improvement of effective visible-
light responses photocatalysts has drawn attention. Silver
orthophosphate (Ag3PO4), a novel photocatalyst, has been widely
used for water splitting and photodegradation of organic pollu-
tants in water [14]. At a wavelength of about 420 nm, Ag3PO4

has a quantum efficiency of about 90% during water oxidation,
and its performance is significantly higher than other semiconduc-
tor materials [15]. However, it remains a challenge for the practical
application of Ag3PO4, due to some shortcomings such as low pho-
tocatalytic efficiency and severe photo-corrosion in photocatalytic
processes [16].

In order to solve above problems, a large number of studies
have been carried out, mainly focused on the improvement of
the synthesis processes, such as changing the morphology and size
of the materials, and doping other materials to synthesize
heterostructured composite photocatalysts [15–17], for example,
Ag3PO4/RuO2 [18], Ag3PO4/BiPO4 [19], AgBr/Ag3PO4 [20], and
TiO2/ Ag3PO4 [21].

Recently, since some materials with delocalized conjugated
structures promote the rapid separation of photoinduced charges
and inhibit charge recombination during electron transfer, they
have been extensively studied. Generally, polyaniline (PANI) is
regarded to be an important conductive polymer with a delocal-
ized p-p conjugated structure. Because of its unique electrical,
optical, and optoelectronic properties, easy preparation and excel-
lent environmental stability, PANI has attracted wide attention
[22,23]. In recent years, combining of PANI with another semicon-
ductor has been studied to enhance photocatalytic activity and
photostability. For example, the photocatalytic activities of Bi12-
TiO20 [24], FeUiO-66 [25], CdS [26] and ZnO [27] were significantly
increased after hybridization with PANI. Hou et al [24] reported
that the photogenerated holes in VB of Bi12TiO20 and the photo-
electron could be transferred directly to the p-system of PANI
and the CB of Bi12TiO20, respectively, so that the charge separation
and stability could be achieved. Photoinduced holes in the valence
band of CdS could be transported to the external area of photocat-
alyst using the Highest Occupied Molecular of PANI, and the pho-
toinduced holes in the valence band of FeUiO-66 could also be
migrated to the Highest Occupied Molecular Orbital (HOMO) of
PANI. Finally, they reached to the external area of photocatalysts
for direct oxidation of adsorbed pollutants. These examples show
that PANI with a widely conjugated p-orbital is considered to be
an excellent photo-hole transport material. It can improve hole
mobility and promote carrier separation. Finally, the photocatalytic
performance of photocatalysts is improved. As the report goes,
PANI can improve the structural stability of Ag3PO4 by protecting
Ag3PO4 from being be dissolved in other solutions [22]. Since PANI
possesses the special structure and the intimate contact interfaces
were strong interact on each other, and the conductivity rate is
accelerated, which was favorable for the transport and separation
of photoinduced carriers at the interface and the separation of pho-
toelectron from holes. This synergistic effect inhibits photo-
corrosion of Ag3PO4. On consideration of these factors, this study
focuses on the combination of Ag3PO4/PANI and other materials,
which is helpful to the transfer of optical carriers between semi-
conductors, further enhancing their photocatalytic activities and
anti-photocorrosion performance of Ag3PO4.

The Z-scheme system is derived from natural photosynthesis. Z-
scheme heterojunction means combining two different semicon-
ductors using an appropriate shuttle redox mediator to form two
photochemical systems and an electron-transfer system [28]. On
one hand, the recombination efficiency of photogenerated carriers
can be inhibited through carriers transfer at the interface. On the
other hand, separated photogenerated carriers have superior redox
ability, which is more favorable to involve in related reactions [29].
However, SrTiO3 merely responds to ultraviolet light. It is benefi-
cial to enhance the absorption of visible light by doping foreign ele-
ments into SrTiO3 to create new donor or recipient energy levels in
the bandgap. It is reported that the energy level of the occupied
Cr3+ is ~2.2 eV lower than that of the conduction band (CB) formed
by Ti 3d or ~1.0 eV and higher than that of the valence band (VB)
formed by O 2p [30,31]. So chromium has aroused great concern.
Compared with Ag3PO4, the conduction band and the valence band
of SrTiO3 are both in a negative position. Therefore, Ag3PO4 and Cr:
SrTiO3 heterojunction photocatalysts exhibited high stability and
great photocatalytic performance [32].

In this paper, novel Ag3PO4/PANI/Cr:SrTiO3 photocatalysts with
good visible-light photocatalytic activity and environmental stabil-
ity were synthesized. Ag3PO4/PANI/Cr:SrTiO3 photocatalysts were
characterized, and their photocatalytic activity of RhB and phenol
were evaluated. The effects of various contents and different salt
concentration on photocatalytic activity were concerned with sys-
tematic study, and the photocomposition mechanisms were stud-
ied by ESR and radical trapping assay.
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2. Experimental

2.1. Chemicals

Disodium hydrogen phosphate dodecahydrate (Na2HPO4�12H2O),
ethanol (CH3CH2OH), phenol, N, N-dimethyl formamide (DMF), and
silver nitrate (AgNO3) were ordered from Shanghai Sinopharm
Chemical Reagent Co., Ltd. Titanium isopropylate ([(CH3)2CHO]4Ti)
and strontium acetate (Sr (Ac)2) were subpackaged by Mackin Bio-
chemical Co. Ltd and Aladdin Biochemical Technology Co. Ltd
(Shanghai, China), respectively. Polyaniline (PANI) was purchased
by Shanghai Bide Pharmatech Ltd. All of reagents were of analytical
purity, and deionized water was employed in the all experiment.
2.2. Preparation of silver phosphate (Ag3PO4)

The AgNO3 (30 mL, 9 mmol) was put to the DMF of 30 mL via
vigorous magnetic stirring in dark for 12 h. Na2HPO4�12H2O
(30 mL, 3 mmol) was introduced to the above solution drop by
drop and kept 4-hour constant stirring without light. The golden
precipitates were washed with ethanol and deionized water for
several times, and then dried in vacuum (60 �C) overnight.
2.3. Preparation of Cr:SrTiO3

Based on our previous reports, Cr:SrTiO3 is synthesized by a
facile method [30,33]. Briefly, stoichiometric Cr(NO3)3�9H2O, stron-
tium acetate (Sr(Ac)2), and titanium isopropylate ([(CH3)2CHO]4Ti)
were dissolved completely in ethylene glycol with a molar ratio of
0.05:0.95:1. The mixture evaporated completely after heating at
150 �C, and the as-prepared substances were introduced into
5 mol/L of NaOH solution. The solutions were added into the
Teflon-lined stainless autoclave and this autoclave was kept at a
Fig. 1. SEM images of (a) Ag3PO4, (b) PANI, (c
temperature of 180 �C for 36 h. Next, the obtained samples were
processed by filtration, washed with ethanol and deionized water
for several times, and dried in vacuum (60 �C) overnight.

2.4. Preparation of Ag3PO4/PANI

First of all, an amount of PANI was dissolved in the DMF by
ultrasonic treatment for 1 h. Afterward, the AgNO3 (30 mL,
9 mmol) was mixed to the above suspension. Then the reaction
solution was in dark condition with 12-hour vigorous stir. Next,
30 mL of 3 mmol Na2HPO4�12H2O solution was introduced to the
mentioned above solution drop by drop and kept 4-hour constant
stirring without light. The collected precipitates were washed with
ethanol and deionized water for several times, and finally dried in
vacuum (60 �C) overnight.

2.5. Preparation of Ag3PO4/PANI/Cr:SrTiO3

0.30 g Ag3PO4/PANI was introduced into distilled water via son-
ication for 3 min. While stirring, the appropriate concentration of
polyvinylpyrrolidone (PVP) was joined to the above solution, fol-
lowed by 0.5 h of stirring. Meanwhile, 0.009 g Cr:SrTiO3 was intro-
duced into deionized water via sonication for 0.5 h. Then the Cr:
SrTiO3 solution was introduced drop by drop into above suspen-
sion via sonication for 4 h. Finally, the obtained material was cen-
trifuged and washed and dried in vacuum (60 �C) overnight.

2.6. Characterization

The crystal structures of materials were determined by X-ray
diffractometer (Cu-Ka radiation Bruker AXS D-8 Advances) in the
range of 10�–80�. The morphologies and microstructures of
materials were imaged with an F-20 transmission electron micro-
scope (TEM, Tecnai-G2, FEI) and field-emission scanning electron
) Cr:SrTiO3, (d) Ag3PO4/PANI composites.



Fig. 2. SEM-EDS elemental mapping images of Ag3PO4/PANI/Cr:SrTiO3.
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Fig. 3. TEM images analysis of Ag3PO4/PANI/Cr:SrTiO3 composites.
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microscopy (FE-SEM, Hitachi SU-8220). X-ray photoelectron spec-
troscopy (XPS) with a Thermo ESCALAB 250Xi spectrometer was
used to analyze banding energies of all elements. Raman spectra
were conducted at room temperature via a Horiba Jobin Yvon
microscopic confocal Raman spectrometer (LABRAM HR-800) in
the backscattering geometry with a 633 nm Ar+ laser as an excita-
tion source. The ultraviolet–visible (UV–vis) diffused reflectance
spectra (DRS) were done by a UV-4100 spectrophotometer (Hita-
chi) with an integrating sphere. A Hitachi F-7000 fluorescence
spectrometer was used to test the photoluminescence (PL) spectra.
The specific surface area was performed by applying the Barrett-
Emmett-Teller (BET) method. The total organic carbon (TOC) data
with a Shimadzu TOC-VCPH analyzer was used to verify the miner-
alization capacity. 5, 5-dimethyl-l-pyrroline N-oxide (DMPO) as a
probe, the electron spin resonance (ESR) were analyzed on a JES
FA-200 (JEOL) spectrometer at room temperature. The photoelec-
trochemical responses and Electrochemical impedance spec-
troscopy (EIS) of samples were obtained by a CHI 660D
electrochemical workstation in a classical three-electrode system.
Ultraviolet photoelectron spectroscopy (UPS) were tested with a
monochromatic He I light source (21.2 eV) and a VG Scienta
R4000 analyzer.
2.7. Photocatalytic experiments

The enhancing photocatalytic ability of the materials was car-
ried out by decomposition of phenol and Rhodamine B (RhB), using
a 300W xenon lamp with a 420-nm filter. The circulating water
allowed the reaction system to cool and keep the temperature con-
stant. In each experiment, 100 mL of phenol solution (25 mg/L) or
RhB solution (20 mg/L) was introduced with 50 mg photocatalysts.
At first, the suspensions were constantly stirred without light for
0.5 h. After the equilibrium of organic pollutant adsorption-
desorption, the light source was turned on. During visible-light
irradiation, a specified volume of the suspensions was collected
at given time interval and then separated the particles using a
0.22 lm membrane filter. The filtrates of RhB were monitored
using a UV–vis spectrophotometer (wavelength = 554 nm). The
high performance liquid chromatography (HPLC) was used to ana-
lyze the residual concentration of phenol with an Agilent ZORBAX
SB-C18 column and adjusted by a UV detector. The mobile phase
consisted of a 60%/40% of methanol/water. 20 lL volume of sample
was injected at a constant flow rate of 1 mL min�1.
3. Results and discussion

3.1. Characterization of the as-prepared catalysts

The classical morphologies and nanostructure of the powders
were characterized by SEM. As shown in Fig. 1a, the bulk Ag3PO4

exhibits particles of different sizes. Some irregular small spherical
polyhedron nanoparticles were approximately a diameter of 0.4–
1.2 lm with the attachment of large nanoparticles, whose particle
diameter was about 30 lm. Fig. 1b exhibited chaotic and agglom-
erated shape for the PANI [22]. Fig. 1d was the SEM imaging of the
Ag3PO4/PANI powders. As can be viewed, the Ag3PO4 were inti-
mately adhering to the PANI. In Fig. 1c, the Cr:SrTiO3 were the reg-
ular spherical particles, whose particle sizes were in the range of
100–300 nm. The SEM element confirmed that all mapping ele-
ments existed for Ag3PO4/PANI/Cr:SrTiO3 (Fig. 2). For the sake of
further demonstration, transmission electron microscopy (TEM)
images were provided for Ag3PO4/PANI/Cr:SrTiO3, and the corre-
sponding results were presented in Fig. 3. It can be proved fairly
that the Ag3PO4 and Cr:SrTiO3 were well connected. The lattice
stripes of Ag3PO4 can be distinctly performed and the interplanar
spacing of the nanospheres is 0.245 nm, corresponding to the
interplanar distance of the (2 1 1) plane of Ag3PO4 (JCPDS no. 06-
0505. Fig. 4b). Besides, the interplanar spacing of 0.231 nm was
in accordance with the interplanar distance of the (1 1 0) plane
of SrTiO3 (JCPDS card No. 35-0734. Fig. 4c).

The surface area of the as-synthesized Ag3PO4, Ag3PO4/PANI,
and Ag3PO4/PANI/Cr:SrTiO3 photocatalysts were determined by
the BET method and the data was provided in Table 1. The surface
area of Ag3PO4 possessed a value of 10.37 m2/g and the BET specific
surface area of Ag3PO4/PANI and Ag3PO4/PANI/Cr:SrTiO3 photocat-
alysts were 11.41 m2/g and 22.69 m2/g, respectively. After the
addition of PANI and Cr:SrTiO3, the surface area of Ag3PO4/PANI/
Cr:SrTiO3 composites had been increased significantly. Therefore,
due to their large specific surface area, more active substrates
and reactants can be adsorbed on the outside of the complex mate-
rials, which are profitable to increase their photocatalytic perfor-
mance [34].



Fig. 4. (a) XRD patterns of as-prepared samples; the standard XRD diffraction
patterns of (b) Ag3PO4; (c) SrTiO3.

Table 1
Surface area for pure Ag3PO4, Ag3PO4/PANI and Ag3-
PO4/PANI/Cr:SrTiO3 composites.

Samples Surface area (m2/g)

Ag3PO4 10.3740 ± 2.7363
Ag3PO4/PANI 11.4126 ± 2.0054
Ag3PO4/PANI/Cr:SrTiO3 22.6873 ± 2.8294

Fig. 5. Raman spectra of different samples.
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The XRD analysis were performed to detect the crystal structure
of Ag3PO4, PANI, Cr:SrTiO3, Ag3PO4/PANI, and Ag3PO4/PANI/Cr:
SrTiO3 composites, as viewed in Fig. 4a. It was concluded that the
diffraction peaks of Cr:SrTiO3 was similar to the cubic perovskite
structure of SrTiO3, corresponding to the standard XRD patterns
(JCPDS card No. 35-0734. Fig. 4c) [35]. Fig. 4a showed that the
diffraction peaks of Ag3PO4 and Ag3PO4/PANI samples have no
obvious distinction, which remarkably illustrated that the cubic
phase of Ag3PO4 (JCPDS card No. 06-0505. Fig. 4b) has no changed.
By comparison with pure Ag3PO4, the XRD pattern of binary com-
posites has no change in peaks or shapes. The results showed that
PANI has no influence on the crystal structure of Ag3PO4 [22]. Fur-
thermore, there were no characteristic signals of PANI in binary
composites and ternary composites, because the PANI in the com-
posite existed in the form of amorphous. It was possible that the
peaks of Cr:SrTiO3 in Ag3PO4/PANI/Cr:SrTiO3 composites could
not be evidently noted because the amount of Cr:SrTiO3 was so
low [36]. The reason for the diffraction peaks appeared at
2h = 20.9�, 29.7�, 33.3�, 36.6�, 42.5�, 47.8�, 52.7�, 55.0�, 57.3�,
61.6�, and 71.9� were (1 1 0), (2 0 0), (2 1 0), (2 1 1), (3 1 0),
(2 2 2), (3 2 0), (3 2 1), (4 0 0), and (4 2 1) planes for Ag3PO4,
respectively. Although the position of diffraction peaks was basi-
cally the same, the area of different peaks of Ag3PO4 had changed
obviously in every material. Based on the results of previous liter-
atures, the notable variation of the peak area ratio of crystal plane
indicated the change of exposure of crystal surface [16,37]. The
intensity ratio of the (1 1 0), (2 0 0), and (2 1 0) peaks were



Fig. 6. High resolution XPS spectra of (a) Ag 3d, (b) Cr 2p, (c) C 1s, (d) P 2p, (e) O 1s, (f) N 1s, (g) Sr 3d, (h) Ti 2d, and (i) XPS survey spectrum.
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1:1.118:8.310, 1:1.251:9.693, and 1:1.377:10.511 for the Ag3PO4,
Ag3PO4/PANI and Ag3PO4/PANI/Cr:SrTiO3, respectively, which
implied that the introduction of PANI and Cr:SrTiO3 had effect on
the crystal facet exposure of Ag3PO4. This also indicated the
changes in the microstructure and morphology of crystals.

Raman spectroscopy is considered a powerful technique for
estimating the local structure of solids. Fig. 5 revealed the Raman
spectra of Ag3PO4, PANI, Cr:SrTiO3, binary Ag3PO4/PANI compos-
ites, and ternary Ag3PO4/PANI/Cr:SrTiO3 composites. The apparent
peak at 910 cm�1 was involved in the terminal oxygen bond
derived from the phosphate group, which was the effects of vibra-
tion. While the peak at 578 cm�1 belongs to the PAOAP bonds that
produced the symmetrical stretching [22,38]. From the view of
Raman spectrum for PANI, the characteristic vibrational pattern
of the CAH bending made a contribution to the peaks at
1180 cm�1. The vibrational pattern of the quinonoid unit was con-
tributed to a peak near 1356 cm�1 and the bands around
1578 cm�1 were related with the vibrational pattern rooted in



Fig. 6 (continued)
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the benzenoid unit [39–41]. With the exception of the bands
located at 1173 cm�1, the two peak signals of 1347 cm�1 and
1596 cm�1 shifted to lower wavenumbers (Fig. 5). Judged on the
red shift of these bands, the PANI conjugated bond were stretched
by the way of weakening the bond strengths of C@N (C@C). After-
ward, CAN and more conjugated structures involving PANI and
Ag3PO4 were formed [22,38,42]. The result was similar to previous
reports. For perovskite structural materials, Raman bands were
usually observed around 800 cm�1, which resulted in the ordered
distribution of metal cations at the B sites. Because the bands only
were shown in ABxB0

1–xO3 perovskites rather than in ordinary ABO3

perovskites [43,44]. The appearance of a band at 812 cm�1 for Cr:
SrTiO3 indicated that Cr3+ was replaced for Ti4+ sites in the crystal
lattice of the SrTiO3 host [45,46]. For Ag3PO4/PANI/Cr:SrTiO3 com-
posites, the Raman peak at 812 cm�1 for Cr:SrTiO3 can become
conscious of the Raman spectra of the Ag3PO4/PANI/Cr:SrTiO3.
The above results suggested the existence of PANI and Cr:SrTiO3.
Moreover, it also was concluded that there was a close interact
on each other at the interface.

The XPS was also put into effect to analyze the compositions
and the chemical states of the ternary nanoparticles, and the
results are shown in Fig. 6. The predominant elements could be
noted in the full scanned XPS spectrum. The atomic percentage
of Ag, P, O, C, and N were 31.76%, 10.80%, 43.00%, 22.22%, and
3.02%, respectively. Due to low content in ternary photocatalyst,
the weight percentages of Cr, Sr, and Ti could not be found. For
the sake of further proving the existence of these elements and
investigating their chemical status, high-resolution XPS spectra
were conducted. As discerned from the Ti 2p spectrum (Fig. 6h),
classical peaks were at 458.1 eV and 463.2 eV due to the binding
energies of Ti 2p1/2 and Ti 2p3/2, respectively. The main peak
(Fig. 6g) emerging at the binding energies of 132.6 eV belonged
to Sr 3d. The Cr 2p peak could be observed at 572.6 eV of binding
energy. From the view of Fig. 6a, the binding energies of Ag were
divided into two peaks at 367.5 (Ag 3d5/2) and 373.5 eV (Ag
3d3/2), attributed to representative values for Ag+ in Ag3PO4. The
N 1s spectrum represented -N= (quinoid imine) at 395.1 eV, -NH-
(benzoid amine) at 399.2 eV, and positively charged nitrogen
(-HN�+- and –HN+=) at 404.5 eV [40]. As discerned from the P 2p
spectrum (Fig. 6d), the cross-section of the peak was situated at
132.8 eV, which is consistent with the phosphorus originated from
PO4

3�. As presented in Fig. 6c, the C 1s spectrum of the ternary com-
plexes could be made up of two individual peaks (284.4 eV and
287.2 eV). The peak centered at 284.4 eV was involved in the PANI
frameworks (CAH or C@C), defect-containing sp2-hybridized car-
bon, while the peak at 287.2 eV can be chalked up to -C@O (car-
bonyl) functional group and C@N in PANI [22]. The O1s peaks
could be made up of main obvious peaks at 530.5 eV and
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532.7 eV [47]. Based on the XPS results, it can be concluded that
there is a close combination among Ag3PO4, PANI, and Cr:SrTiO3

in ternary composites.
The absorption properties and optical bandgap of as-

synthesized powders were identified by UV/vis diffuse reflectance
spectrum (DRS), and the results of characterization were illumi-
nated in Fig. 7a. It is obvious that Ag3PO4, Ag3PO4/PANI, and
Ag3PO4/PANI/Cr:SrTiO3 revealed exceedingly good absorption
when the wavelength was lower than 500 nm. In comparison with
Ag3PO4, there was a remarkably intensive absorbance for binary
complexes. In addition, Ag3PO4/PANI composites still possess good
availability of light absorption coming from the wavelength of
500–800 nm, which revealed the distinctly intensive adsorption
after the coupling of Ag3PO4 and PANI. Especially, Ag3PO4/PANI/
Cr:SrTiO3 had the most stronger absorption in the range of 300–
800 nm, revealing the expressly intensive adsorption with the
combination of Cr:SrTiO3. The connection between bandgap (Eg)
of a material and absorption coefficient (a) were described by
the Kubelka-Munke equation and the equation is as follows [36]:

ðahmÞn ¼ Aðhm� EgÞ ð1Þ

where a represents Absorption coefficient of the semiconductor
(cm�1), t stands for incident light frequency, h means Plank’s con-
stant (6.62607015 � 10�34 J�s), A is the proportionality constant and
Eg is the bandgap, respectively. And n value belongs to 1/2 (direct
gap semiconductor) or 2 (indirect gap semiconductor) [48]. Accord-
Fig. 7. (a) UV–vis diffuse reflectance spectra of different samples; ultraviolet photoelectro
different samples.
ing to the results in Fig. 7d, the transition bandgaps of Ag3PO4 was
2.34 eV. From previous studies, the bandgap energy of Cr:SrTiO3

was approximately 2.50 eV [49]. Furthermore, photocatalytic activ-
ity depends not only on an appropriate bandgap but also on proper
the matching of conduction band (CB) and valence band (VB) levels
of a photocatalyst with the redox potentials of the photocatalytic
reactions. Hence, ultraviolet photoelectron spectroscopy (UPS)
was used to obtain the valence band energy (EVB) of semiconductor
by measuring VB spectra with a monochromatic He I light source
(21.22 eV) [50]. As can be seen from Fig. 7b and Fig. 7c, the EVB of
Ag3PO4 and Cr:SrTiO3 were +2.99 and +1.77 eV, respectively. The
ECB of Ag3PO4 and Cr:SrTiO3 were acquired by following formula
[51]:

EVB ¼ ECB þ Eg ð2Þ
The bandgap energy of Ag3PO4 was estimated to be 2.34 eV in

the above UV/vis DRS discussion and the bandgap energy of Cr:
SrTiO3 was 2.50 eV. The VB positions of Ag3PO4 and Cr:SrTiO3 were
determined to be +2.99 and +1.77 eV, and the corresponding ECB
values were calculated to be +0.65 and �0.73 eV, respectively.
Thus, the band energy potential difference and matching interac-
tive energy band structure could drive the transfer of the photo-
generated carriers easily between Ag3PO4 and Cr:SrTiO3, which
could facilitate the separation of electron-hole pairs.

For purpose of revealing the relationship between complexes
and the recombination of photoproduced carriers in semiconduc-
tors, photoluminescence spectroscopy assays were performed
n spectroscopy (UPS) spectra of (b) Ag3PO4; (c) Cr:SrTiO3; (d) the band gap energy of



Fig. 8. (a) Photoluminescence (PL) spectra of the prepared samples; (b) photocur-
rent response density of as-prepared samples; (c) electrochemical impedance
spectroscopy of as-prepared samples.

Fig. 9. TOC removal of phenol over various photocatalysts under visible light
irradiation for 18 min.
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and the tests of transient photocurrent responses under detection
wavelength of 320 nm in visible-light region were carried out.
Fig. 8a illustrated the PL spectra of powders. It was obvious that
Ag3PO4 presented the most dramatic PL peak intensity, which indi-
cated that the electron-hole pair produced by light was easy to
recombine [52]. By comparison with bare Ag3PO4, the intensity of
the binary and ternary composites revealed a significant decrease
in fluorescence. When the weaker the fluorescence intensity was,
the lower the photoinduced electron-hole pairs recombination
rates were. Ag3PO4/PANI/Cr:SrTiO3 composites showed the most
outstanding carrier separation ability. In addition, the transient
photocurrent responses of pure Ag3PO4, binary complexes, ternary
complexes were illustrated in Fig. 8b. A significant change in pho-
toelectrochemical response could be observed while visible light
was turned on and off. The enhanced photocurrent also showed
that the separation efficiency of photogenerated electron-hole
pairs was much higher by adding PANI and Cr:SrTiO3. It was con-
ducted that a helpful modified material was fabricated success-
fully, which facilitated the rapid transfer and separation of
photoinduced carriers.

The electron transfer rate was evaluated by Electrochemical
impedance spectroscopy (EIS) measurement. The smaller arc
radius of the EIS Nyquist plot is, the smaller electron-transfer resis-
tance is. As depicted in Fig. 8c, the ternary of Ag3PO4/PANI/Cr:
SrTiO3 composites performed the most excellent charge transfer
efficiency compared to the pure Ag3PO4 and binary of Ag3PO4/PANI,
which consistent with result of PL.

The TOC was employed to assess the mineralization degree of
Ag3PO4, Ag3PO4/PANI, Ag3PO4/PANI/Cr:SrTiO3 for phenol. As shown
in Fig. 9, the mineralization rate of phenol by pure Ag3PO4 was only
23.25%, while the mineralization efficiency phenol by Ag3PO4/
PANI, Ag3PO4/PANI/Cr:SrTiO3 composites are 71.44% and 89.60%,
respectively. It was proved that Ag3PO4/PANI/Cr:SrTiO3 composites
had excellent mineralization capability for phenol decomposition.
3.2. Photostability and recyclability

Rhodamine B (RhB), as an organic pollutant, was chosen as the
typical pollutant to express the photoactivity of materials. In each
experiment, the 50 mg material was introduced in the RhB aque-
ous solution (20 mg/L, 100 mL), and then the mixed solution was
stirred without the light source for 0.5 h to achieve the
adsorption-desorption equilibrium. Finally, a 300 W xenon lamp
(k > 420 nm) was used as a light source for photodegradation
experiment. As presented in Fig. 10a, it is poor for the photocat-
alytic activity of single Ag3PO4 with only 62.87% of RhB degrada-
tion after illuminating. All Ag3PO4/PANI composites showed
higher photocatalytic activity than pure Ag3PO4. Especially after
18 min of visible light irradiation, about 100% of RhB had been
degraded by Ag3PO4/PANI composites when the loading ratios of
PANI was 3.0%, 5.0%, and 7.0%, respectively. Ag3PO4/5.0%PANI



Fig. 10. Photodegradation curves of RhB in the presence of as-prepared samples with different loading ratios of (a) PANI and (b) Cr:SrTiO3; Photodegradation curves of phenol
in the presence of as-prepared samples (c); Reaction kinetic curves (d–f) of as-prepared samples corresponding to the photodegradation curves (a–c), respectively.
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showed the highest photocatalytic activity. Further, compared
with Ag3PO4, PANI, Cr:SrTiO3, and Ag3PO4/PANI composites,
Ag3PO4/5%PANI/3%Cr:SrTiO3 composites took on the most dramatic
photocatalytic activity and the 100% of RhB was removed at a more
outstanding rate within 10 min of irradiation. The kinetic lin-
earised curves for degradation of dye pollutants with all powders
can be viewed from Fig. 10d and Fig. 10e. Moreover, the removal
of phenol as another representative typical pollutant was selected
to further prove the photocatalytic performance of the ternary
composites. The phenol by Ag3PO4/5%PANI/3%Cr:SrTiO3 was
almost completely removed within 18 min, which indicated that
the Ag3PO4/PANI/Cr:SrTiO3 composites had a much higher photo-
catalytic ability.

Furthermore, it is a pivotal factor to check the good stability for
the excellent photocatalytic activity of the photocatalyst in RhB. A
recycle experiment put into effect to verify the photocatalytic



Fig. 11. (a) Cycling test for the photocatalytic degradation of RhB (20 mg/L) in the
presence of different as-prepared samples; (b) XRD patterns of the fresh and used
Ag3PO4/PANI/Cr:SrTiO3 composites after 5 cycles.
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repeatability of the as-synthesized powders, and the results were
revealed in Fig. 11a. It can be evidently noticed that the photocat-
alytic activity of Ag3PO4/PANI/Cr:SrTiO3 composites had no obvi-
ous deactivation to decompose RhB after three times cycles
under visible light illumination. In addition, the removal efficiency
of RhB was still 93.98% in the fourth cycle, and 92.24% of RhB could
be degraded for Ag3PO4/PANI/Cr:SrTiO3 composites after the fifth
cycle. Compared with the first cycle, removal efficiencies of the
fifth cycle were reduced by 21.2%, 21.32%, and 7.76% for Ag3PO4,
Ag3PO4/PANI, and Ag3PO4/PANI/Cr:SrTiO3 composites, respectively.
The results indicated that the Ag3PO4/PANI/Cr:SrTiO3 composites
had the highest stability with visible light exposure. Meanwhile,
it is further proved that Ag3PO4/PANI/Cr:SrTiO3 composites were
effective and stable in the photocatalytic process. The co-
modification method obviously enhances photocatalytic perfor-
mance and single-component photostability. The remarkable
decline in the photocatalytic performance of Ag3PO4 may be due
to part of Ag3PO4 in reduction state by photoelectron generation.
In order to further verify the stability of ternary Ag3PO4/PANI/Cr:
SrTiO3 composites, XRD of original and recycled Ag3PO4/PANI/Cr:
SrTiO3 composites after 5 cycles were provided (Fig. 11b). The
results indicated that crystal structure had no obvious difference.
The (1 1 1) crystal plane of the metallic Ag could contribute to
the weak peak signal at 2h value of 38.12�, indicating that merely
a small quantity of metallic Ag was formed during the photode-
composition process. It is reported that a great deal of Ag0 occupied
main active sites on the surface of the catalyst, which not only
caused damage to their crystal structure but also lost their light
absorption efficiency, thus affecting their photocatalytic activity
and stability [37].

3.3. Effects of inorganic salts coexistence and inorganic salt
concentration

From the view of practical wastewater system, the concentra-
tion of inorganic salts and the coexistence of inorganic salts may
be the main factors that aggravate the difficulty of dye wastewater
treatment. Therefore, the effects of concentrations and different
kinds of inorganic salts for the degradation of RhB were studied.
Some familiar inorganic ions at the content of 0.1 mol/L [22,53–
56] were introduced to the reaction system and the influence of
multiple inorganic salts was reflected in Fig. 12a. There was no
significant difference in the degradation curves when NaNO3 or
Na2SO4 were mixed with the reaction system. The result revealed
that the photodegradation ability of Ag3PO4/PANI/Cr:SrTiO3 com-
posites remained unaffected in the existence of Na+, NO3

�, and
SO4

2�. Although Mack and Bolton et al [57,58] proposed that NO3
�

had a weak absorption when the wavelength was greater than
280 nm. Abdullah et al [59] reported that NO3

� had little effect on
the degradation of ethanol and 2-propanol by TiO2 under ultravio-
let light. The above results showed that the existence of NaNO3 did
not affect the photodegradation of RhB by Ag3PO4/PANI/Cr:SrTiO3.
The effects of SO4

2� with the content of 1%, 3%, 5%, 8%, 12%, 15%,
18%, and 21% for the photocatalytic degradation of RhB and phenol
by Ag3PO4/PANI/Cr:SrTiO3 were showed in Fig. 12c and d. With the
increase of SO4

2� concentration, the photoreaction rate had
remained more or less unchanged compared to the RhB solution
or phenol without adding Na2SO4. According to Ksp (Ag2SO4)
= 1.2 � 10�5, Ksp (Ag3PO4) = 8.89 � 10�17, there was no formation
of Ag2SO4 after the addition of SO4

2� [60]. The effect of SO4
2� for

photocatalytic activity may be realized mainly by trapping hole
(h+) and hydroxyl radical (�OH). During the reaction, they convert
highly active h+ and �OH into other substances. Although SO4

�� also
has certain oxidation ability and can oxidize organic matter, its vol-
ume is relatively large and the oxidation efficiency of �OH is higher
than that of SO4

��, which has little effect on the reaction rate
[61,62]. Moreover, SO4

2� is a relatively stable anion. However, the
removal efficiency of RhB was remarkably inhibited in the appear-
ance of NaCl. It can be explained as follows: Firstly, it is possible
that the AgCl layer produced was too thick, preventing migration
of electron and hole. Secondly, the nanocrystal structure of Ag3PO4/
PANI/Cr:SrTiO3 was completely destroyed and converted to AgCl.
Thus, photocatalytic performance was sharply reduced because
of the seriously damaged Ag3PO4 nanocrystal structure. Finally,
the bandgap width of AgCl was 3.25 eV. The visible light could
not be absorbed under the experimental condition (k � 420 nm),
which resulted in a decrease of photocatalytic reaction rate. More-
over, the inhibitory effect has occurred with Na2CO3 addition, and
one of the reasons is that CO3

2� is a trapping agent for holes and
hydroxyl radicals, which can convert highly active holes and
hydroxyl radicals into other substances. Meanwhile, the activity
of CO3

�� is relatively low, so the photocatalytic rate is decreased
[53,63]. The above results indicated that when the catalyst is used
to treat wastewater with CO3

2� and Cl�, appropriate pretreatment is
needed. In spite of this defect, the relatively high performance can
be obtained, which indicates that Ag3PO4/PANI/Cr:SrTiO3 can be
used as an effective photocatalyst for wastewater treatment.

3.4. Possible photocatalytic mechanisms of Ag3PO4/PANI/Cr:SrTiO3

To propose the tentative reaction mechanisms for the photocat-
alytic decomposition of Rhodamine B over Ag3PO4/PANI/Cr:SrTiO3



Fig. 12. Photodegradation curves of RhB with different inorganic salts (a) and corresponding reaction kinetic curves (b); Photodegradation curves of RhB (c) and phenol (d) at
different concentrations of Na2SO4.
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powders, a series of controlled experiments using several radical
quenchers were put in practice and the results were revealed in
Fig. 13a. the ethylenediaminetetraacetic acid disodium (EDTA-
2Na), 1, 4-benzoquinone (BQ) were used as the quenchers of hole
(h+), superoxide radical species (�O2

�) and AgNO3, Isopropanol
(IPA) were introduced as the photogenerated electron (e�), hydro-
xyl radical (�OH), respectively. The degradation efficiency of RhB
was significantly reduced by adding BQ or EDTA-2Na. In the exis-
tence of EDTA-2Na, Ag3PO4/PANI/Cr:SrTiO3 photocatalysts were
almost completely deactivated. The apparent kinetic constant of
ternary complexes was 0.009 min�1. By comparison to the kinetic
constant (0.57 min�1) without EDTA-2Na addition, the reaction
rate was considerably reduced. The apparent kinetic of ternary
complexes equal to 0.016 min�1 with the introduction of BQ,
which was much lower than apparent kinetic constant
(0.57 min�1) without BQ addition. The results clearly indicated
that �O2

� along with h+ pushed forward an important influence on
the removal of RhB. After adding AgNO3, the photocatalytic effi-
ciency was also relatively significantly reduced, showing that the
part of photoinduced electrons is equally worthy of attention. IPA
has almost little effect on degradation rate, indicating that only
tiny amounts of �OH participate in the photocatalytic process. It
is clearly shown that �O2

�, e�, h+, and �OH all exerted an enormous
function on the degradation of proceeding, while the main active
substances of the catalyst should be h+ and �O2

� from the trapping
experiments. To make further efforts to identify free radical chain
reaction in photocatalytic systems, the ESR spin-trap signals of �O2

�

and �OH over the Ag3PO4/PANI/Cr:SrTiO3 composites were per-
formed. As presented in Fig. 13c and d, it was clear that there
was no signal of the DMPO-�O2

� and DMPO-�OH could be observed
without light, which signified the �O2

� and �OH species can be
formed on the external area of the sample in visible-light region.
As can be seen from Ag3PO4/PANI/Cr:SrTiO3 complexes illuminated
by visible light, we could see the four characteristic DMPO-�O2

� sin-
gles and the four characteristic DMPO-�OH singles. Most impor-
tantly, the peaks intensity enhanced remarkably when the
irradiation time was from 5 min to 10 min. Hence, it is reasonable
to presume that the generation of �O2

� and �OH radicals could
explain charge transfer process. Therefore, it is reasonable for an
explanation of the results of radical trapping experiments.

Take into consideration those theoretical analysis and experi-
mental calculation results, a reasonable photocatalytic mechanism
for decomposition of Ag3PO4/PANI/Cr:SrTiO3 composites was pro-
posed and briefly depicted in Fig. 14. As we all know, both PANI
and Ag3PO4 can be photo-excited to produce holes and electrons
via visible-light photons. When exposed to visible light, the HOMO
and LUMO of PANI are capable of producing holes and electrons.
Locating at +0.65 eV was the conduction band (CB) of Ag3PO4 and
the valence band (VB) of Ag3PO4 was +2.99 eV. And Lowest Unoc-
cupied Molecular Orbital and Highest Occupied Molecular of PANI
were �2.1 eV and +1.3 eV, respectively [22,64]. The reason why
PANI is widely used is that its specific p-conjugated structure facil-
itates the transmission of holes. It was easy to migrate to the sur-
face and directly oxidize pollutants for holes [42,65,66]. In



Fig. 13. Degradation curves of RhB with additions of scavengers under visible light
over Ag3PO4/PANI/Cr:SrTiO3 composites (a, degradation curve;). ESR spectra of
radical adducts trapped by DMPO in the Ag3PO4/PANI/Cr:SrTiO3 in the dark and
under visible light (k > 420 nm) irradiation (irradiation time of 5 and 10 min): (b) in
methanol dispersion for DMPO-�O2

�; and (c) in aqueous dispersion for DMPO-�OH.
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comparison, the CB of Ag3PO4 possessed a more positive position
than the Lowest Unoccupied Molecular Orbital potential of PANI.
Therefore, taking advantage of a well-defined interface, the photo-
generated electrons of PANI were able to pointedly move into the
CB of Ag3PO4 and then photogenerated electrons were capable of
reacting with oxygen molecules to form �O2
� radicals. At the same

time, the VB of Ag3PO4 was perfectly propitious to the Highest
Occupied Molecular of PANI. The photo-induced holes in the
valence band (VB) of Ag3PO4 can be rapidly transported to the
external area of the photocatalyst by Highest Occupied Molecular
of PANI, and the interaction of the heterojunction electric field at
the interface of Ag3PO4 and PANI. Thus accordingly, the carrier
transmission availably impeded the recombination of photo-
induced electron-hole pairs. To further explain the enhanced
photocatalytic response, it is necessary to investigate the band
structure for Ag3PO4 and Cr:SrTiO3. the conduction band (CB) of
Cr:SrTiO3 had value of �0.73 eV and the valence band (VB) was
located at +1.77 eV [36]. The electrons on the VB of Ag3PO4 and
Cr:SrTiO3 are easily shifted to the CB, which induces the generation
of holes in VB. It is reported to be a Z-scheme heterojunction sys-
tem. The results showed that a handful of Ag0 species were pro-
duced under visible light irradiation. In this study, metallic silver
isolated from the external area of Ag3PO4 acts as a photoinduced
electron and hole trappers, which can promote the Z-scheme
transfer mechanism. The electron at the conduction band (CB) of
Ag3PO4 photocatalyst and the hole from the valence band (VB) of
the Cr:SrTiO3 photocatalyst are recombined on the silver particles
conductor. The reason why Ag3PO4 possess a more negative con-
duction band than metallic Ag is that the Schottky barrier at the
metal-semiconductor interface is higher [67]. In addition, Cr:SrTiO3

has a higher VB potential than metallic Ag. As a result, their own
recombination can be indirectly decreased in Ag3PO4 and Cr:
SrTiO3. Owing to more holes of Cr:SrTiO3 are recombined with
electrons of Ag3PO4, there will be more electrons of Cr:SrTiO3 stay
on the conduction band (CB) of Cr:SrTiO3 and more holes of Ag3PO4

stay on the valence band (VB) of Ag3PO4. In this case, the electrons
with higher reductivity on the conductive band (CB) of Cr:SrTiO3

and the holes with higher oxidizability on the Ag3PO4 valence band
(VB) can participate in this photoreaction process, thereby increas-
ing the photocatalytic performance. As can be seen from the O2/�O2

�

potential (�0.33 eV), the Cr:SrTiO3 possessed lower CB potential
(�0.73 eV). The �OH/OH� potential is +2.40 eV, which is more neg-
ative than the VB potential of Ag3PO4 (+2.99 eV). More electrons in
Cr:SrTiO3 participate in the reduction of oxygen molecules
adsorbed on the surface to form �O2

�, which promotes the degrada-
tion of organic pollutants. At the same time, more holes in Ag3PO4

can directly react with H2O to form �OH. Furthermore, photoin-
duced holes have a partiality for electrons from the adsorbed dye
molecules, which are used to directly oxidize organic pollutants.
The mechanism not only facilitates the separation of charge carri-
ers but also preserves their own advantages [68]. In summary, the
addition of PANI and Cr:SrTiO3 on Ag3PO4 can facilitate charge sep-
aration and inhibit charge recombination more efficiently. More-
over, more active radicals are obtained and excellent
photocatalytic performance is finally achieved. In summary,
according to the above analysis, the possible ways to generate rad-
icals in this Ag3PO4/PANI/Cr:SrTiO3 photocatalytic system are as
follows:

Ag3PO4/PANI/Cr:SrTiO3 + hm! e� + hþ ð5Þ

e� + O2 ! �O2
� ð6Þ

hþ + H2O ! �OH ð7Þ

hþ + RhB ! degraded products ð8Þ

�O2
� + e� + 2Hþ ! H2O2 ð9Þ

�O2
� + H2O2 ! �OH + OH� + O2 ð10Þ



Fig. 14. Schematic illustration of the separation and transfer of photoproduced electron-hole pairs by mechanism.
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H2O2 ! 2�OH ð11Þ

�O2
�/H2O2/�OH + RhB ! degraded products ð12Þ
4. Conclusions

In a few words, novel photocatalysts Ag3PO4/PANI/Cr:SrTiO3

were synthesized facilely using an in-situ precipitation method.
As can be seen from results, the doping of PANI and Cr:SrTiO3

greatly improves the visible light response photocatalytic perfor-
mance and photostability of Ag3PO4/PANI/Cr:SrTiO3 photocata-
lysts. Under the optimized conditions, about 100% of RhB
degradation could be achieved after 10 min visible light irradiation
and the degradation efficiency of phenol reached 100% in 18 min.
The test of recyclability revealed that Ag3PO4/PANI/Cr:SrTiO3 still
remained a good catalytic activity after five cycles. With the
increase of SO4

2� concentration, the activity of the Ag3PO4/PANI/
Cr:SrTiO3 photocatalysts were not lost. Further analyses showed
that �O2

� and h+ produced in the photocatalytic process play an
important role in photocatalytic degradation. In addition, the
matching energy levels among Ag3PO4, PANI, and Cr:SrTiO3 result
in the effective separation and migration of photo-induced carriers
among them, which were the main reasons for enhancement of
photocatalytic activity. This work presents an eco-friendly and
effective photocatalyst for environmental purification, which has
a good prospect of practical application.
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