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ABSTRACT

Anovel graphene-bridged Agz;PO4/Ag/BiVO4 (040) Z-scheme heterojunction with excellent visible-light-
driven photocatalytic performance was fabricated using a facile in situ deposition method followed
by photo-reduction. The as-obtained nanocomposite was employed to degrade tetracycline (TC) in
water under visible light irradiation. Compared to pure BiVO4, Ag3PO4 and other nanocomposites,
Ag[Ag3P04/BiVO4/RGO displayed more superior photodegradation efficiency with 94.96% removal of
TC (10 mg/L) in 60 min, where the optimal conditions was catalysis dosage 0.50g/L and initial pH at
ca. 6.75. The influences of TC concentrations, light irradiation condition, coexistence ions and water
sources were also investigated in details. The enhanced photocatalytic activities could be attributed to
the suppression of charge recombination, high specific surface area and desirable absorption capability
of Ag/Ag;P04/BiVO4/RGO, which were in sequence confirmed by PL, PC, EIS, BET and DRS tests. The syn-
ergistic effects of RGO and Ag/Ag3 PO, in the hybrid could also contribute to the improved photo-stability
and recyclability towards TC decomposition. In addition, radical trapping experiments and ESR mea-
surement revealed that the photo-induced active species superoxide radical (*O,~) and holes (h*) were
the predominant active species in the photocatalytic system. The Ag/Ag3P0O4/BiVO4/RGO nanocomposite
also possessed desirable photocatalytic performance on the degradation of TC from real wastewater, fur-
ther verifying its potential in practical industries. This work provides a promising approach to construct
visible-light response and more stabilized nanocomposite photocatalysts applied in efficient treatment
of persistent pollutants in wastewater.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

might pose serious threats to the ecosystem and human health
when entered into aqueous environments. TC has been detected

Over the past decades, the presence of antibiotics (persis-
tent organic pollutants) in water has raised considerable concerns
because of the unknown environmental impacts and possible dam-
ages to the botany and fauna in aquatic system [1,2]. As a typical
antibiotic, tetracycline (TC) has been extensively used in a vari-
ety of human, veterinary and farming applications [3-5], which
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in different waters such as surface water, groundwater and even
drinking water [6-8]. The removal of antibiotics including TC from
the environment has already become a mandatory issue.

A large number of techniques have been employed to remove
TC from water, including absorption, electrolysis, photocatalysis,
microbial decomposition and membranes separation etc. [9,10].
Among them, photocatalytic degradation of TC was presented
as a desirable approach due to its high efficiency, high-efficient
energy conservation and low cost. However, the application of
most frequently used TiO,-based photocatalyst was limited by
its low adsorption capacity for hydrophobic pollutants and inef-
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ficient exploitation of abundant visible light in the solar irradiation
[11,12]. Accordingly, it is necessary to search new-type photo-
catalysts for the effectively degradation of TC under visible light
irradiation. Recently, the monoclinic bismuth vanadate (m-BiVOy4)
has been widely studied in the field of visible-light photocatalysis
owing to its narrow bandgap (about 2.4eV), sufficient photo-
catalytic response and chemical stability [13]. Nevertheless, the
photoactivity of pure BiVOQy is still not satisfactory, attributing to
its poor migration efficiency of electron-hole pairs and weak sur-
face adsorption properties [14]. The heterojunction construction
has been proved to be a good choice to enhance the photocat-
alytic performance, with successful cases such as BiVO4/BiS3 [15],
Cuy0/BiVO, [16], BiVO4/TiO, [17], Ag3P04/BiVO,4 [18] and so on.
Li and his co-workers successfully designed AgzP0O4/BiVO4 het-
erojunction photocatalyst via a simple in-situ chemical deposition
method and the catalyst exhibited a perferable removal efficiency
towards methyl blue (MB). For Ag3PO4-based photocatalysts or
other common heterojunctions, an issue regarding the transfer
route of photo-excited charges in the photocatalytic system still
persists, where electrons or holes left on the semiconductors might
easily recombine with the holes or electrons [19-21]. As a result,
the emergence of Z-scheme heterojunction could solve above prob-
lem to a certain degree. For example, Bu et al. utilized in situ
reduction of Ag* into Ag on the surface of Ag3PO4/WO5 _y to form
a new-type Z-scheme heterojunction Ag3;PO4/Ag/WO3 _x, which
effectively prolonged the lifetime of photo-generated electrons
by Ag3PO4 and photo-induced holes generated by WOs3 _y, and
therefore improved the photocatalytic degradation performance
[22]. Li et al. also successfully prepared a TiO,/Au/CdS Z-scheme
photoanode and found out that its photo-electrochemical perfor-
mance was hugely enhanced compared to TiO,/CdS composite
[23]. Naturally, metallic Ag would be introduced to construct an
all-solid-state Z-scheme structure: Ag3;P0O4/Ag/BiVO4, which could
improve the transfer capability of photo-generated electron-hole
pairs of Ag3P04/BiVO,4 composite.

Furthermore, according to previous reports [24,25], a certain
amount of heterojunction photocatalyst materials prepared by
common chemical methods possessed the following problems: (I)
the low proportion of structural elements with intimate interface
and (II) the lattice mismatch between two semiconductors, further
to lead to a decreased charge carriers separation efficiency. Func-
tionalized graphene-based semiconductor photocatalyst could deal
well with the above-mentioned issues to some extent, due to
their high electron conductivity, large surface area and adsorption
[26]. Graphene could serve as a good support to make the loaded
nanoparticles to achieve uniform distribution without aggrega-
tion [27,28]. In addition, Wang and his co-workers validated that
graphene played an important role in capturing and shuttling
electrons in Ag3V04/TiO,/RGO composite, which resulted in an
improved photo-induced electron-hole pairs separation efficiency
[29]. As far as we know, relatively few studies were focused on
building the all-solid-state Z-scheme photocatalyst based on BiVO4
or Ag3zP04. Hence, Ag/AgsPO4 nanoparticles and graphene were
employed to construct graphene-bridged AgsPO4/Ag/BiVO, Z-
scheme heterojunction with superior photoactivity enhancement.
Besides, the application for TC removal by this novel nanocompos-
ite photocatalyst has not previously been reported.

Herein, the incorporation of Ag/Ags;PO, nanoparticles
and BiVO4; onto graphene sheet was performed to obtain
Ag/Ag3P04/BiVO4/RGO nanocomposite, which combined an in situ
deposition with photo-reduction together. The co-catalytic effects
between Ag/AgzP0,4 and RGO should contribute to the enhanced
photocatalytic activity towards TC degradation under visible light
irradiation. A series of operational conditions towards TC decompo-
sition by Ag/Ag3P04/BiVO4/RGO nanocomposite were investigated
in details, including catalytic behavior, catalysis dosage, initial TC

concentrations, reaction pH, light irradiation condition, supporting
electrolytes and water sources. It was worth noticing that the
hierarchical assembly of graphene-bridged Ag3PO4/Ag/BiVO,
Z-scheme heterojunction exhibited superior long-term photo-
stability for TC degradation than those decompositions by pure
BiVO4 and Ags;PO, nanocrystal. A possible photo-degradation
mechanism was presented for better understanding the intrinsic
reaction procedures by Ag/Ag3zP04/BiVO4/RGO nanocomposite.

2. Experimental
2.1. Material and reagents

Bismuth nitrate pentahydrate (Bi(NOs3)3-5H,0), ammonium
metavanadate (NH4VO3), silver nitrate (AgNO3), urea (CO(NH;),),
hydrazine hydrate (N,H4-H,0), disodium hydrogen phosphate
(NayHPO4), aqueous ammonia (NH3-H,0), ethanol (CH3CH,OH),
graphite powder and tetracycline (TC) were purchased from Ain-
opharm Chemical Reagent Co., Ltd. All chemicals were used without
further purification. De-ionized water was used as the solvent
throughout the experiment.

2.2. Synthesis of the catalysts

2.2.1. Preparation of BiVOy

The monoclinic BiVO4 sample with exposed (040) facets was
fabricated by a homogeneous precipitation method according to
previous reports [30,31]. Typically, 6 mmol of Bi(NOs3)3-5H,0 was
firstly dispersed into 32 mL of 1M HNO3 aqueous solution under
ultrasonic treatment. Subsequently, NH4VO3 precursor (6 mmol)
was added to the above clear suspension and kept vigorous stirring
at room temperature for 1h. After that, 3.0g of urea was slowly
added and the mixture was heated to 80°C and maintained for
24 hunder oil bath condition. A vivid yellow powder was separated
by filtration, washed by ethanol and de-ionized water for several
times, and finally dried at 60 °C overnight.

2.2.2. Preparation of RGO (1wt%)/BiVO4 nanocomposite

First of all, graphene oxide (GO) was prepared by a modified
Hummer’s method [32]. Then the as-prepared GO (0.012 g) was
put into 50 mL de-ionized water and ultrasound treated for 1h
to disperse the samples thoroughly, followed by 1.2 g BiVO4 was
added into the GO dispersion and the mixture was ultrasounded for
another 1 h. After 2 h stirring at room temperature, 1 mL NH3-H,0
and 3 mL NyH4-H,0 was added drop by drop, the suspension was
placed into a water bath at 80°C for 4h. After naturally cool-
ing down, the precipitate was processed by filtration, rinsed with
ethanol and de-ionized water for three times, respectively. The final
product was dried at 60 °C for 12 h.

2.2.3. Preparation of Ag3P0O4 (10 wt%)/BiVO,4 nanocomposite

The Ag3zPO4 (10 wt%)/BiVO4 composite were prepared by a facile
in-situ deposition method. In detail, 0.5 g BiVO4 was dispersed into
50 mL de-ionized water and the solution was sonicated for 30 min.
Then 0.9 mmol of AgNO3; was added quickly under violent stirring.
After 30 min dark stirring, 20 mL Nay HPO,4 solution (keep the molar
ratio of Ag*:PO43~=3:1) added dropwise to the above solution.
When the mixture was violently stirred for 12 h in a dark condi-
tion, the precipitate was collected and washed it with de-ionized
water and dried in a vacuum oven. For better comparison, pure
Ag3 P04 photocatalyst was also prepared under the same condition
without adding the as-synthesized BiVO4 sample.

2.2.4. Preparation of Ag/Ag3P04/BiV04/RGO nanocomposite
The Ag/Ag;P04/BiVO4/RGO composite was synthesized by a
mild chemical and photo-deposition process. For fabricating the
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above nanocomposite, Ag3PO4/BiVO4/RGO was firstly constructed,
followed by photo-reduction deposition of Ag nanoparticles onto
the surface. Briefly, 0.25g RGO/BiVO4 was dispersed into 50 mL
de-ionized water with ultrasonic processing until it became homo-
geneous. The AgNOj3 precursors (0.45 mmol) were added and kept
stirring for 30 min at dark. After that, 0.15 mmol Na;HPO,4 solution
previously dissolved in 20 mL de-ionized water was added and the
mixture maintained constant stirring for 12 h at room temperature.
At last, the products were obtained by filtration, washing and dry-
ing. The previous-prepared AgzP04/BiVO4/RGO (0.25 g) was added
into 50 mL of methanol water solution with 10% volume concentra-
tion of concentration of methanol. Simultaneously, 0.0085 g AgNO3
was added, and the dissolved mixture was irradiated by a 300 W
Xe lamp for 60 min. Collected the precipitate and washed it with
ethanol and de-ionized water for several times, and finally dried at
60°C.

In addition, Ag (2 wt%)/BiVO4 composite was also prepared by
the same as-mentioned method above, where BiVO4 was used to
replace the role of Ag3P0O4/BiVO4/RGO in the AgzPO4/BiVO4/RGO
nanocomposite.

2.3. Characterization

The crystallographic properties of the as-prepared samples
were measured on a Rigaka D/max 2500v/pc X-ray diffractometer
(Cu, Ko, A\=0.154nm, 40kV, 40 mA) at a scan rate of 0.1° 2051,
Fourier transform infrared spectroscopy (FTIR) was collected on
an IR Prestige-21 spectrometer (Shimadzu, Japan) at room tem-
perature by the standard KBr disk method. Morphological analysis
was performed by a field emission scanning electron microscope
(FESEM, Hitachi S-4800) with 5.0 kV scanning voltages. The trans-
mission electron microscopy (TEM) analysis of the samples was
taken using a transmission electron microscope (TEM, FEI Tecnai
G20) at an accelerating voltage of 200kV). The UV-vis absorp-
tion spectra were recorded by n a UV-vis spectrometer (UV-4100,
Shimadza) with an integrating sphere for the diffuse-reflectance
spectroscopy (DRS), using BaSOy4 as the reference. The X-ray photo-
electron spectroscopy (XPS) was carried out on a Thermo ESCALAB
250XI spectrometer with Al Ka source. The total organic carbon
(TOC) assays were tested using a Shimadzu TOC-VCPH analyzer.
Photoluminescence (PL) spectroscopy was monitored using a tran-
sient fluorescence spectrometer (Edinburgh FLsp920 full functional
state). The Brunauer-Emmett-Teller (BET) surface area test was
performed at 77 K on a TRISTAR-3000 surface area analyzer. The
zeta potentials of the as-prepared samples were determined as a
function of pH (adjusted by 0.1 M HNO3 or NaOH) using a Zeta-
sizer Nano-ZS (Malvern). The electron spin resonce (ESR) signals
of radicals spin-trapped by spin-trapped reagent 5, 5-dimethyl-L-
pyrroline N-oxide (DMPO) and 2,2,6,6-Tetramethylpiperidinooxy
(TEMPO) were examined on a Bruker ER200-SRC spectrometer
under visible light irradiation (A >420 nm).

2.4. Photocatalytic experiments

The  photocatalytic  activity  of  graphene-modified
AgsP0,4/Ag/BiVO,4 nanocomposite was evaluated by TC decom-
position under visible light irradiation. A 300W Xe lamp was
employed as the light source with a 420 nm cut filter (light inten-
sity: 100 mW cm?). In each experiment, 50 mg photocatalyst was
dispersed in an aqueous solution of TC (100 mL, 10 mg/L). Before
the photocatalytic performances test, the suspension was stirred
in the dark for 30 min to ensure the adsorption-desorption equi-
librium between the catalyst and TC. During the illumination, an
aliquot (3 mL) was sampled at certain time intervals, and then cen-
trifuged at 10,000 rpm for 20 min and filtrated through a 0.22 pm
Millipore filter to remove the residual particles. The corresponding

concentration of TC was monitored by a Shimadzu UV-vis spec-
trophotometer with the absorbance at the characteristic band of
357 nm.

2.5. Photo-electrochemical measurements

The photocurrent was measured on CHI6G60B electrochemical
workstation by using a standard three-electrode system. A plat-
inum wire electrode, standard calomel electrode in saturated KCl
and the as-prepared catalysts were used as the counter electrode,
the reference electrode and working electrode, respectively. The
working electrode was immersed in a sodium sulfate electrolyte
solution (0.1 M) and illuminated under a visible light with the
light intensity was 100 mW cm?. Electrochemical impedance spec-
troscopy (EIS) was investigated on a potential Autolab PGSTAT-30
equipped with a frequency analyzer module using a three-
electrode system in 0.1 M Na,SO4 solution. The electrochemical
experimental results were all recorded with a CHI 660C elec-
trochemical system. To prepare the working electrode, 10 mg
photocatalyst was dispersed into 5 mL de-ionized water with ultra-
sonic treatment for 30 min. The suspension was then dip-coated for
several times onto a 1 x 1cm? fluorine-doped tin oxide glass elec-
trode and for each time the conductive glass was dried at 60 °C for
30 min before next cycle.

3. Results and discussions
3.1. XRD analysis

XRD patterns providing information on the crystalline nature
of a series of as-prepared samples were shown in Fig. 1. It could
be observed that pure BiVO4 powder was in good agreement with
the body-centered monoclinic phase of BiVO4 (JCPDS NO. 14-0688
[16,30]). The XRD pattern of Ag/BiVO,4 was similar to that of single
BiVOy4, and no distinguishable characteristic peaks of Ag species
detected, owing to the small dosage amount of metallic Ag in the
composite [33]. Notably, no typical diffraction peaks belonging
to separate graphene (RGO) were found in all graphene-modified
BiVO,4 samples, which could be ascribed to the fact that the main
characteristic peak of GO at around 12° was disappeared in the
chemical reduction process [34]. The XRD results of Ag3P0,4/BiVOy,
Ag3P0,4/BiVO4/RGO and Ag/Ag3zP0O4/BiVO4/RGO curves revealed
the peaks at 26 of 29.6°, 33.4°, 36.5° and 55.0°, corresponding to
(200),(210),(211) and (320) crystal planes of cubic AgzPO4 (JCPDS
file No. 06-0505 [18]). No additional crystal phases could be found
in all patterns and presented with sharp diffraction peaks, implying
no impurities generated in the fabrication procedure.
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Fig. 1. XRD patterns of pure BiVO4 and modified BiVO4 samples.
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Fig. 2. SEM images of pure BiVO, (A) and Ag/Ag3zP04/BiVO4/RGO (B); and TEM image (C) and EDS analysis (D) of Ag/Ag3P04/BiVO4/RGO.
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Fig. 3. Nitrogen adsorption-desorption isotherm of the as-prepared BiVO, and
Ag/Ag3P04/BiV0O4/RGO nanocomposite.

3.2. SEM, TEM and EDS analysis

To investigate the morphology and the detailed structure of
the as-prepared samples, SEM images were detected as depicted
in Fig. 2A-B. From Fig. 2A, it could be observed that the mor-
phology of pure BiVO4 samples displayed decagonal shape, where
these well-defined crystals exhibited smooth surface and sharp
edges with highly exposed facets. The two kinds of facets could
be named as (040) and (110) [30], which played a significant role
in charge carriers mobility. For Ag/Ag3P0O4/BiVO4/RGO nanocom-
posite (Fig. 2B), Ag/Ag3P0,4 nanoparticles were found to be well
deposited on the surface of BiVO4 (040) crystal facet. Moreover,
compared to pure BiVO,, the surface of Ag/AgzPO4/BiVO4/RGO
nanocomposite was rough to a certain extent, due to the attach-

ment of graphene, which could enhance the surface area of reaction
system and resulted in better photocatalytic performance [27,34].
The TEM technology (Fig. 2C) was further to confirm the emer-
gence of Ag/Ag3zP0O4 nanoparticles on the surface of BiVO4 with an
unsmooth interface in the nanocomposite, which was well consis-
tent with the SEM micrographs. Additionally, EDS spectrum was
also adopted to analyze the elements in Ag/Ag3P04/BiVO4/RGO
nanocomposite and the result was shown in Fig. 2D. The essential
elements of Bi, V, Ag, P, O and C were observed and the weight ratio
of AgzP0O4/BiVO4 was about 9.69%, in good accordance with the
preparation proportion (10 wt%). Furthermore, the stoichiometric
proportion of Ag to P was about 3.2:1, which was a little higher
the theoretical molar ratio of 3:1 for AgzPO4 composite. This phe-
nomenon could be ascribed to the production of metallic Ag in the
photo-reduction process. The above-mentioned information con-
firmed the co-existence of Ag/Ag3zP0O4 nanoparticles and RGO in the
nanocomposites.

3.3. BET and XPS analysis

Fig. 3illustrated the N, adsorption-desorption isotherms of pure
BiVO4 and Ag/Ag3P0O4/BiVO4/RGO nanocomposite. Both of the sam-
ples possessed a type Il isotherm and a type Hs hysteresis loop
in the relative pressure range of 0.9-1.0, indicative of macrop-
ore pressure. Compared to pure BiVO, (surface area=29.63 m2/g,
pore size=14.43nm, total pore volume=0.069cm3/g, Table 1),
Ag/Ag3P04/BiVO4/RGO nanocomposite displayed a higher surface
area (57.58m2/g), pore size (14.74nm) and total pore volume
(0.103 cm3/g), suggesting that the synthetic effects of Ag/AgzPOy4
nanoparticles and RGO facilitated the enhanced reaction area,
which was in good accordance with the adsorption results in dark-
ness.

Surface chemical states of pure BiVO,; and Ag/Ag3PO4/
BiVO4/RGO nanocomposite were studied by the means of the XPS
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Table 1

Surface area, pore size and pore volume parameters for pure BiVOs; and
Ag/Ag3P04/BiV0O4/RGO nanocomposite.

Samples Surface area® (m?/g) Pore size® (nm) V¢ (cm?/g)
BiVO4 29.63 14.43 0.069
Ag/AgzPO4/BiVO4/RGO  57.58 14.74 0.103

2 Measured using N, adsorption with the Brunauer-Emmett-Teller (BET) method.

b Pore size in diameter calculated by the desorption data using Barrett-Joyner-
Halenda (BJH) method.

¢ Total pore volume determined at P/Py =0.99.

technique. The survey spectrum in Fig. 4A, indicated that the ele-
ments Bi, V, Ag, P, O and C existed in the Ag/Ag3P04/BiVO4/RGO
nanocomposite while only the peaks of Bi, V, O and C appeared in
pure BiVOy4. XPS spectra were obtained to prove the reduction of GO
to RGO by detecting the chemical state of C species in the nanocom-
posite. Fig. 4B displayed the C 1 s spectra of Ag/Ag3P04/BiVO4/RGO
could be decomposed into three characteristic peaks, which were
attributed to the following functional groups: sp? bounded car-
bon (C—C, 284.5 eV), epoxy/hydroxyls (C—0, 286.8 eV) and carboxyl
(0—C=0, 288.8eV [34,35]). The binding energy peak at 133.2eV
could be ascribed to the electron orbit of P 2p (Fig. 4C). As
shown in Fig. 4D, two characteristic peaks located at 373.7 eV and
367.8 eV could be assigned to the electron orbits of Ag 3d3;, and
Ag 3ds),, respectively. After decomposing the above two binding
energy peaks in curve fitting processing, it could be observed that
the strong binding energy peaks at 373.7 eV and 367.8 eV, corre-
sponded to Ag*, while another two weak peaks at 374.2 eV and
368.1 eV owing to the presence of Ag® [30,36]. The results indicated
that metallic Ag was successfully introduced under the photo-
reduction procedure.

3.4. Photocatalytic degradation of TC

The photocatalytic capability of the Ag/AgzPO4/BiVO4/RGO
composites was investigated by the decomposition of tetracycline

under various conditions including catalytic behavior, catalysis
dosage, initial TC concentrations, reaction pH, light irradiation
condition, supporting electrolytes and water sources. Taken the
practical application into consideration, the photo-stability and
mineralization ability of the as-prepared samples were also evalu-
ated.

3.4.1. Effect of catalytic behavior

Fig. 5A displayed results of the effect of catalytic behav-
ior on the decomposition of TC as a function of irradia-
tion time. The concentration of TC decreased gradually as
the exposure time increased for all samples. It could be
observed that the as-prepared photocatalysts showed differ-
ent degradation rates for TC removal, which was in the order
of Ag/Ag;P04/BiVO4/RGO > Ag3P0,4/BiVO4/RGO > Ag3 PO, /BiVO, >
RGO/BiVO,4 > Ag[BiVO,4 > BiVOg4. The pure BiVO4 exhibited the low-
est TC removal efficiency of only ca. 56.33% within 60 min visible
lightirradiation, while Ag/Ag3P0,4/BiVO4/RGO nanocomposite pos-
sessed the highest removal efficiency (ca. 94.96%) under the
identical condition. Combining with absorption ability analy-
sis in Fig. 5B, the adsorption-desorption equilibrium between
TC and the catalyst was acquired within 30min dark reac-
tion. Moreover, the successful introduction of Ag/AgzPO,4 and
RGO in the constructed heterojunction was also good for the
adsorption ability enhancement. The above-mentioned results
demonstrated that modified BiVO,4 exhibited obviously adsorption
abilities and photocatalytic activities. Among these prepared pho-
tocatalysts, Ag/Ag3P04/BiVO4/RGO nanocomposite obtained the
optimum photocatalytic performance, which could be ascribed to
the enhanced adsorption activity of the composite photocatalyst
for TC and the high migration efficiency of photo-induced electron-
hole pairs. Therefore, in the graphene-modified Ag3PO4/Ag/BiVO4
heterojunction, the co-catalyst effect between Ag/AgzPO4 and RGO
on the surface of BiVO4 played an important role in suppressing the
electron-hole recombination in the photocatalytic system.
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Fig. 5. (A) Photocatalytic degradation of TC in the presence of different photo-
catalysts under visible light irradiation; (B) Absorption ability evaluation of the
as-prepared samples for TC removal in dark condition (Experimental conditions:
initial TC concentration=10mg/L, pH=6.75, m=50mg, V=100mL, visible light:
A>420nm).

3.4.2. Effect of catalysis dosage

Considering the practical applications in the industrial produc-
tion, lowering the cost as much as possible played an important
role in experimental investigations [37]. The experiments were
performed to observe the decomposition of TC with different cat-
alyst dosage in the range of 0.10-2.00 g/L. As depicted in Fig. 6A,
when the catalyst dosage increased from 0.10-0.50 g/L, the cor-
responding degradation efficiencies of TC increased from 65.39%
to 95.67%. Nevertheless, when higher dosage (0.50-2.00g/L) of
Ag/Ag3P0O4/BiVO4/RGO catalyst was added into the reaction sys-
tem, the resulting degradation efficiencies decreased to a greater
level along with the increasing catalyst amount. The information
suggested that moderate dosage of photocatalyst was necessary
to achieve superior photocatalytic properties, further to verify
the previous research founding that on one hand, higher catalyst
dosage could lead to more production of active species in the photo-
catalytic procedure and on the other hand, excess catalyst dosage
accumulated turbidity of the solution and reduction of the light
penetration through the TC solution in return [38,39]. Herein, the
catalyst dosage located at ca. 0.50 g/L was picked out as the best for
the following investigations.

3.4.3. Effect of initial TC concentrations

Fig. 6B showed the TC degradation with different initial concen-
trations using Ag/Ag;P0,4/BiVO4/RGO nanocomposite. It could be
detected that the initial TC concentration had a great impact on the
whole photo-degradation process, where 94.96%, 82.89%, 70.30%,

53.69% and 45.57% of TC were removed at the initial TC concen-
tration equal to 10, 20, 30, 40 and 50 mg/L, respectively. Higher
initial pollutant concentrations could possess negative effect in the
photocatalytic reaction, which could lead to the decrease of the
path length of the photon entering the TC solution. As a result, less
photons could transfer to the catalyst surface due to the reduced
light penetration at high initial concentration, which was similar to
the previous reports [38,40]. Besides, intermediates could compete
with the TC compound for the limited adsorption and catalytic sites
on the catalyst surface adsorption [41]. Competition between TC
molecules and intermediates was enhanced along with the increas-
ing TC concentration, due to the more production of intermediates
at high pollutant concentration. Furthermore, high TC removal at
low concentrations was considered to be of a great importance
[10]. Thus, the initial TC concentration was chosen as 10 mg/L in
the whole experiments.

3.4.4. Effect of reaction pH

The initial pH of the aqueous solution might influence the
generation of ROSs and have a great effect on photocatalytic
reaction [42]. As shown in Fig. 6C, a series of pH values were
controlled by NaOH (0.1 M) or HNOs3 (0.1 M) to explore the effect
of initial pH in the photocatalytic process. Table 2 listed out the
corresponding Zeta potentials of Ag/Ag3P04/BiVO4/RGO compos-
ite before or after visible light reaction as a function of solution
pH, Ag/Ag3P04/BiVO4/RGO composite had an overall negative sur-
face charge at pH 3-11. A more negative potential was tested along
with the increasing pH values. Electrostatic attraction might play an
important role in the adsorption ability, which could be enhanced
between the opposite positively charged TC molecules and neg-
atively charged Ag/Ag3P0,4/BiVO4/RGO nanocomposite. Although
strong adsorption of the TC took place at high pH, excessive TC
adsorption might block light from arriving at the catalyst surface,
reduce the surface light intensity, and impeded the hole-electron
photoexcitation process subsequently. In addition, the negatively
charged photocatalyst surface prevented the sorption of hydrox-
ide ions, resulting in the decrease of hydroxyl radicals forming
and photocatalytic activity. In this study, the optimum pH value
was set at ca. 6.75 owing to the obtained highest photoactiv-

ity.

3.4.5. Effect of light irradiation condition

Sunlight would be one of the best choices in future energy
source because of its easy accessibility and perferable abundance.
As depicted in Fig. 6D, photocatalytic degradation of TC was stud-
ied with and without the optical filter being placed in front of
the 300 W Xe lamp. It could be found that there was no signif-
icant loss in TC concentration in the 60 min irradiation (catalyst
dosage: 0.50 g/L, initial concentration: 10 mg/L) beside the adsorp-
tion amount in dark condition. Without the optical filter, the
Ag/Ag3P0O4/BiVO4/RGO nanocomposite was exposed to the full
spectrum of the 300W Xe lamp. Compared with photocatalytic
procedure with the filter (A>420nm), a greater removal effi-
ciency could be obtained under full spectrum condition, where
the degradation efficiency could reach to 96.21% only in first
10 min exposure time. Similar phenomenon was also observed both
with and without the catalyst, even though the removal efficiency
without photocatalysts could be ignored (with filter: 1.39%; with-
out filter: 5.46%). The shorter the wavelength of the light used,
the greater photons energy would be achieved, resulting in the
increasing photocatalytic performance under the identical condi-
tion. The result validated that the valuable application potential
of Ag/Ag3zP04/BiVO4/RGO photocatalyst in practical wastewater
treatment, owing to the full wavelength for the natural sunlight.
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Fig. 6. Effects of (A) catalysis dosage; (B) initial TC concentrations; (C) initial pH and light irradiation condition (D) on the degradation of TC over Ag/Ag;P04/BiVO4/RGO

nanocomposite under visible light irradiation.

Table 2

The Zeta potentials of Ag/Ag3P0,4/BiVO4/RGO composite before or after visible light reaction as a function of solution pH.
pH 3 5 6.75 7 9 11
&-potential? —-3.03+0.28 —-10.16 +2.13 —-26.52+1.07 —-31.73 +3.01 —42.05+1.89 —-49.31+0.98
&-potential® —-4.18 £0.21 —20.08 £2.35 —22.64+1.78 —29.23+1.90 —37.09+3.32 —49.54+0.54

1.2 and P represent the &-potentials (mV) of Ag/Ag3P0O4/BiVO4/RGO composite before or after visible light reaction, respectively.
II. Experimental conditions: m/V=0.50g/L, TC (100 mL, 10 mg/L), visible light (\ >420 nm).

3.4.6. Effect of supporting electrolytes

It is well-known that chlorine, sulfate and bicarbonate ions are
the most common anions in natural water and most of them existed
as the form of salts. Furthermore, supporting electrolyte could
interface with the photocatalytic reaction in practical wastewa-
ter application. Herein, NaCl, Na,SO,4 and Na,CO3; were adopted to
investigate the detail effects on the photocatalytic degradation of
TC by Ag/Ag3P0,4/BiVO4/RGO nanocomposite. Fig. 7A displayed the
results of TC removal in the presence of the above electrolytes at a
concentration of 0.05 M, the corresponding decreasing order as fol-
lows: Na;S04 > NaCl>Na,COs. A slight promotion could be found
within the Na,;SO4 electrolyte, but the difference was insignifi-
cant. Unlike the effect of Na,;SOg4, the negative effects were found
in the presence of NaCl and Na,COs5. The decrease in the photo-
degradation of TC might be ascribed to the competitive adsorption
between Cl~ and TC on the surface of the catalyst. According to
previous reports, bicarbonate and carbonate ions were the radical
scavengers [43]. For example, Zhou et al. found that the hydroxyl
radicals generated at the surface of Co-doped BiVO, might be
captured with the addition of carbonate ions [41]. The presence
of carbonate ions would contribute to the decreasing photocat-
alytic activity. Meanwhile, the Zeta potentials (&-potentials) of
Ag/Ag3P04/BiVO4/RGO composite in the presence of different sup-
porting electrolytes were also listed in Table 3, which could be put
in the following order; NaCl>Na,SO,4 >Na,CO3. The &-potentials
before (—-23.924+0.18 mV) or after (—21.90+0.27 mV) reactions

Table 3
Zeta potentials (&-potentials) of Ag/Ag;P04/BiVO4/RGO composite in the presence
of different supporting electrolytes.

Supporting Electrolyte ~ NaCl Na;S04 Na,COs3
L. &-potential (mV) —15.94+0.43 —-23.92+0.18 -30.63+2.35
II. &-potential (mV) -16.89+1.09 —-21.90+0.27 —-32.96+1.78

a.land Il represent the procedure of before and after irradiation.
b. Experimental conditions: m/V=0.50g/L, TC (100 mL, 10 mg/L), pH=6.75, visible
light (A >420 nm) and the concentration of supporting electrolyte: 0.5 mol/L.

with the supporting electrolyte of Na;SO4 were closer to those
(before: —26.52 +1.07 mV; after: —22.64 +1.78 mV) of the condi-
tion at pH=6.75, further to testify the negative effect with the lower
&-potentials. The competitive adsorption between TC molecules
and Na* on the adsorption sites of Ag/Ag3P04/BiVO4/RGO might
also lead to the lower photocatalytic activity.

3.4.7. Effect of water sources

The initial water status might also an important parameter in
the real wastewater application. The effect of various wastewaters
for the removal of TC using Ag/Ag3P0,4/BiVO4/RGO nanocompos-
ites was shown in Fig. 7B. After the adsorption and photocatalytic
reactions, degradation efficiencies were more than 94.96%. 84.21%,
83.43%, 80.21% and 87.23% were achieved in TC-obtained de-
ionized water, medical wastewater, municipal wastewater, river
wastewater and tap wastewater, respectively. Certainly, reduction
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Fig. 7. Effect of supporting electrolyte (A) and water sources (B) on the degradation of TC over Ag/Ag3P04/BiVO4/RGO nanocomposite under visible light irradiation.

efficienciesin different degrees were investigated in different water
sources due to the existing competitive pollutants, but relatively
high removal ratios were all obtained. Hence, it could be inferred
that Ag/Ag3P04/BiVO4/RGO nanocomposite possessed a long-term
application potential for wastewater purification.

3.4.8. Photocatalyst recyclability and mineralization ability tests
The chemical stability and reusability of the photocatalysts
were very important for practical applications. Consequently,
the photocatalytic stability of pure BiVO4, pure AgzPO4 and
Ag/Ag3P0O4/BiVO4/RGO were investigated relative to TC degrada-
tion by repeating the reaction for four times. For each cycle, the
catalyst was collected by filtration, washing and drying before
next run. As shown in Fig. 8A-C, the degradation efficiency of
Ag/Ag3P0,4/BiVO4/RGO after four times recycling was rather stable
and remained about 93.28% (only about 1.68% loss, Fig. 8A), which
was much higher than those of pure BiVO, (46.69%, Fig. 8B) and
pure Ag3POy4 (49.89%, Fig. 8C). For pure BiVOy, a loss of about 10.22%
in the degradation efficiency was observed. Pure AgzPO4 exhibited
an obvious decrease in the removal efficiency in four successive
experimental runs under the same conditions and about 22.23% of
photo-degradation efficiency was lost at the fourth cycle. More-
over, the samples of before or after photocatalytic reaction were
characterized by XRD analysis (Fig. 8D), it could be found that the
XRD pattern of the recycled Ag/Ag3P0,4/BiVO4/RGO nanocomposite
had almost no obvious discrepancy compared with the unirradi-
ated one. The results demonstrated the combination of Ag/Ag3 PO,
and RGO could significantly increase not only the photocatalytic

degradation performance but also the photocatalytic degradation
stability of pure BiVO4 and AgzPO4.

Fig. 9 presented that the total organic carbon (TOC) removal by
the as-prepared samples. After 60 min irradiation, a mineralization
rate of 7.89% and 27.42% for pure BiVO4 and Ag/Ag3P0O4/BiVO4/RGO
nanocomposite, suggesting higher mineralization ability was
achieved by the modified BiVO,.

3.5. Light absorption and charge transfer properties

UV/vis diffuse reflectance spectrum was measured to char-
acterize the optical bandgap and absorption capability of the
as-prepared photocatalysts. As shown in Fig. 10A, the absorp-
tion edge of pure BiVO, is about 516 nm, originated from its
band gap of about 2.4eV, in good accordance with reported
results [17]. It could be observed that an obvious enhancement
in the visible light absorptions of modified BiVOy. In all the sam-
ples, Ag/Ag3P04/BiVO4/RGO nanocomposite possessed the mostly
widely spectral response in visible light wavelength. The results
inferred that the fabricated graphene-bridged Ag3;PO4/Ag/BiVO,
Z-scheme heterojunction could greatly improve the optical absorp-
tion due to co-catalytic effects between Ag/Ag3P0,4 nanoparticles
and RGO, which is beneficial to generate more electron-hole pairs
and then lead to the greater photocatalytic efficiencies towards
pollutants degradation.

Photoluminescence (PL) spectra has been performed to reveal
the charge carrier trapping, migration and recombination pro-
cesses of the semiconductor photocatalysts since PL emission
arises from the recombination of free carriers [32]. Fig. 10B
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showed the PL spectra of the pure BiVOy4, Ag/BiVO4, RGO/BiVOy4,
Ag3P0O4/BiVO4, AgsPO4/BiVO4/RGO and Ag/AgszPO4/BiVO4/RGO
nanocomposites. Upon the excitation wavelength at 420 nm, the
main emission peak of BiVO4 was detected at around 521 nm,
owing to the band gap recombination of electron-hole pairs.
[44] Pure BiVO,4 possessed a relatively high recombination rate
of photo-induced carriers, which was decreased in the presence
of Ag nanoparticles, RGO and Ag3;P0O4. As presented in Fig. 10B,
the PL intensities of the as-prepared samples were ranked as:
BiVO, > Ag/BiVO,4 > RGO/BiVO,4 > Ag3P0,4/BiVO, > Ag3PO,4/BiVO,/
RGO > Ag/Ag3P04/BiVO4/RGO, which was in good accordance
with the result of photocatalytic behaviors. Generally speak-
ing, lower the PL signal means that the higher separation
efficiency of electron-hole pairs. It was clearly observed that
Ag/Ag3P0O4/BiVO4/RGO nanocomposite had the lowest peak inten-
sity than other samples, implying that the cooperative effects
between RGO and Ag/AgszPO, contributed to decreasing the
recombination of electron-hole pairs effectively and enhancing
the charge separation efficiency.

The charge separation and migration could significantly affect
the photocatalytic performance, which could be verified by the
photocurrent response. In this study, photocurrent densities vs
time curve was conducted to the same electrolyte with several
205 light on/off at 0V vs Ag/AgCl. As displayed in Fig. 10C, a clear
comparison of the I-t curves for the as-prepared photocatalysts
under visible light irradiation (A >420 nm). For pure BiVO4, mod-
ified BiVO4 showed the higher photocurrent intensity. Especially,
Ag/Ag3P04/BiVO4/RGO nanocomposite could achieve a pho-
tocurrent of 1.88+0.09 mAcm~2, which was much higher than
the photocurrents of BiVO,4 (0.56=+0.06 mAcm~2), RGO/BiVO,4
(0.924+0.07mAcm2) and Ag3zP0O,4/BiVO, (1.42+0.05mAcm™2).
The result demonstrated that the interaction existed in
Ag/Ag3P04/BiVO4/RGO rather than simple mixture. The high-
est photocurrent obtained by Ag/Ag3PO4/BiVO4/RGO could be
ascribed to the efficient electron-hole transfer and separation
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Fig. 9. TOC removal in the prsence of pure BiVO; and Ag/Ags;P04/BiVO4/RGO
nanocomposite under visible light irradiation.

process, which was beneficial from the co-effect of both RGO
and Ag/Ags3PO4 nanoparticles. The introduction of Ag/AgsPO,
nanoparticles played an important role in charge separation,
and the emergence of RGO could collect more photo-electrons
and commendably shuttle electrons through the IT-IT network
[24,29].

Moreover, electrochemical impedance spectra (EIS) test was
also an effective way to analyze the separation and transfer of
electron/hole pairs. The semicircle in the Nyquist plots in EIS mea-
surements provides information on the charge process with the
diameter of the semicircle corresponding to the charge transfer
resistance, where a smaller arc radius indicates higher efficiency
in charge transfer [30]. Fig. 10D showed the Nyquist plots of pure
BiVO4 and modified BiVO4 electrodes under visible light conditions.
Among those prepared samples, Ag/Ag3zP0O4/BiVO4/RGO under vis-



F. Chen et al. / Applied Catalysis B: Environmental 200 (2017) 330-342 339

A

: Ag/Ag3PO /BiVO, /RGO
| Ag3PO/BIVO /RGO

i Ag3PO,/BIVO,

| RGO/BIVO,

: Ag/BiVO,

. BiV()4

Intensity/a.u.

—-—BiVO,
—e—Ag/BiVO,

RGO/BiVO,
—¥—Ag;PO,/BiVO,
Ag3PO,/BiVO/RGO
Ag/AgzPO,/BiVO/RGO

Relative intensity (a.u.)

200 300 400 500 600 700
Wavelength (nm)

500 510 520 530 540 550 560

Wavenumber (nm)

—5no,
2.5 RCOBIVO, Light off
Light on /

Ag/AgzPO,/BiVO /RGO \

2

Photocurrent density (pA/cm’)

AgzPO/BIVO,

2.04

0.0 T T

2"/ ohm(10%)

404 —O—Bi\‘()4 ) D
=O=RGO/BIVO,

=O=AgzPO/BiVO,
30{ —O—awagpomivoRGO O

0 20 40 60 8 100 120 140 160 18!
Time (s)

20 40 60 80 100
7'/ ohm

Fig. 10. (A) UV-vis absorption (DRS) spectra; (B) Photoluminescene (PL) spectra; (C) Photocurrent (PC) responses and (D) Electrochemical impedance spectroscopy (EIS)

analysis of the as-prepared samples: pure BiVO4 and modified BiVOj.

ible light irradiation possessed the smallest semicircular diameter,
suggesting the fastest separation and transfer of photo-generate
carriers over Ag/Ag3zP0O4/BiVO4/RGO nanocomposite. The above
point was well consistent with the results of photocatalytic activity.

3.6. Possible photocatalytic mechanism in reaction system

The presence of graphene and Ag/Ag3zPO4 nanoparticles in the
Ag/Ag3P04/BiVO4/RGO nanocomposite could effectively inhibit the
electron-hole pair recombination, which might cause more radical
species with strong oxidation capability. To explore the predomi-
nant active species generated in the reaction system, three typical
chemicals, 1,4-benzoquinone (BQ), Ethylenediamintetraacetic acid
disodium (EDTA-2Na) and Isopropanol (IPA) were employed as the
scavengers of superoxide radical (*O,~ [38]), hole (h* [10]) and
hydroxyl radical (*OH [45]), respectively. As depicted in Fig. 11,
when 1 mmol of IPA as the scavenger for *OH radical species
was added into the photocatalytic procedure, the degradation effi-
ciency of TC was slightly depressed, indicating that few *OH was
involved in the TC photodegradation. The degradation efficiency of
TC obviously decreased from 94.96% to 30.34% in the presence of
1 mmol EDTA-2Na, suggesting the active species of holes played an
important role towards TC degradation. Similarly, a significant loss
(percentage of degradation ratio reduction) could be found with
the addition of 1 mmol of BQ, verifying the *O,~ pathway pos-
sessed a crucial role in the TC oxidation. To further confirm the
point, a N, purging experiment was also carried out, the removal
efficiency of TC was hugely hampered by the conducted N, (no
scavenger), which decreased from initial removal efficiency 94.96%
under air-equilibrated conditions to 48.78% under N, atmosphere.
The result demonstrated that the dissolved oxygen which could
act as a photo-generated electron scavenger to produce *O,~ radi-
cal species. As a result, it could be preliminarily concluded that h*
and *0,~ generated in the photocacalytic system should be respon-
sible for the enhanced photo-oxidation performance towards TC
decomposition.
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Fig. 11. Trapping experiment of active species during the photocatalytic degrada-
tion of TC over Ag/Ag3PO4/BiV0O4/RGO nanocomposite under visible light irradiation.

In order to further confirm the above-obtained radical gen-
eration in this photocatalytic system under visible irradiation,
the ESR spin-trap with DMPO and TEMPO techniques were per-
formed on illuminated Ag/Ag3;P0O4/BiVO4/RGO nanocomposite. All
the experiments were operated under dark condition and visible
light irradiation of 4 min, 8 min and 12 min. As shown in Fig. 12A,
four characteristic peaks of DMPO-°*0,~ were observed in methanol
dispersion under visible light irradiation. Notably, stronger inten-
sity DMPO-*0, ~ adducts were found under visible light irradiation,
while no signals in dark condition, indicating that *O,~ played
an important role in the degradation system. From Fig. 12B, no
obvious signals of *OH were detected in the system containing
Ag/Ag3P0O4/BiVO4/RGO in the aqueous dispersion under visible
light irradiation, which suggested that *OH oxidation was not the
predominant reaction species during the photocatalytic process.
Moreover, photo-induced holes (h*) were also tested. The signal
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of spin-trapped TEMPO-h* (Fig. 12C) for Ag/Ag3P04/BiVO4/RGO in
dark condition was so strong, while it decreased to a greater extent
when exposed to visible light irradiation, and almost no signal at
the irradiation of 12 min. The result validated that holes should
also contribute to the enhancement of photocatalytic performance.
Thus, it is to say, h* and *O,~ were the main active species partici-
pating in the photocatalytic system, which was well consistent with
the trapping experiments.

Itis generally acknowledged that a desirable photocatalytic per-
formance achieved by a photocatalyst could be ascribed to the
following reasons: high surface area, superior absorption capabil-

ity and higher separation efficiency of electron-hole pairs. In the
case of Ag/Ag3P04/BiV0O4/RGO nanocomposite hybrids, the above-
mentioned advantages had been confirmed by the characterization
technologies: BET, DRS, PL, PC and EIS tests. On the basis of the
above experimental data and theoretical analysis, a synergistic
mechanism for the TC degradation over Ag/Ag;P04/BiVO4/RGO
nanocomposite was proposed, and represented in Scheme 1. The
relative positions of energy bands of AgzP0O4 (2.39eV) and BiVO,4
(2.4eV) were known according to the results in the previous
reports [15,22]. The CB and VB potentials of BiVO4 were esti-
mated to be +0.46eV and +2.86 eV, while for Ag3;PO,, they were
0.27 eV and 2.66eV, respectively. In the previous report [16,18],
the authors suggested that Ag3PO4/BiVO4 composite followed a
double-transfer mechanism under visible light irradiation, which
implied that photo-generated electrons in the CB of Ag3PO4 would
transfer to that of BiVO4 and holes accumulated on the VB of
Ag3P0,4. Compared with pure BiVO4 and Ag3PO,, the recombina-
tion of electron-hole pairs was greatly enhanced. However, the
electrons left in AgsPO,4 or the holes left in BiVO4 might easily
recombine with the hole or electrons, respectively [46]. The intro-
duction of metal Ag could show its contribution in the separation of
electron-hole pairs, due to the forming Z-scheme heterojunction.
He et al. reported that an efficient photocatalyst, Ag3PO4/g-C3Ny,
believed to follow a Z-scheme mechanism in the presence of metal-
lic Ag, further to lead to a higher photocatalytic performance [19].
Herein, the introduction of metal Ag in Ag3P0,4/BiVO,4 compos-
ite could facilitate a Z-scheme heterojunction. Metal Ag could
play an important role in constructing a cross-linking bridge for
two semiconductors [47,48]. The photo-induced electrons from
BiVO,4 and holes from AgzPO,4 could be quickly transferred to Ag,
which could bring about the activation of two substrates towards
electron-rich and electron-deficient intermediates, respectively.
Therefore an effective charge separation could be achieved, result-
ing in enhanced photoactivity. Furthermore, on one part, the
presence of graphene into the above Z-scheme heterojunction
AgsP0,4/Ag/BiVO,4 could effectively increase the surface area for
holding more pollutants and reaction interspace. On the other
part, graphene could play a vital role in capturing and shuttling
electrons as an electron reservoir and the same role had also be
proposed by previous investigations [29]. As a result, under vis-
ible light irradiation, both AgzPO4 and BiVO4 could be excited
and produced electron-hole pairs due to their relatively narrow
energy band gaps. The transfer of photo-induced electrons from
BiVO,4 and holes from Ag3zP0O,4 could be accelerated with the addi-
tion of graphene. The accumulated electrons in CB of Ag3PO4 could
capture the dissolved O, and formed an oxidizing species: *O,~,
which could participate in TC degradation in the photo-degradation
system. Moreover, a slight of photo-generated electrons of BiVO4
could transfer to GR and stored with GR, leading to the inhibi-
tion of photo-generated electrons and holes to a greater degree.
The photo-generated holes left on the VB of BiVO,4 could directly
decompose the target pollutant TC under visible light irradiation.
So the enhancement of photocatalytic performance and photos-
stability by Ag/Ag3PO4/BiVO4/RGO should be attributed to the
coupling effects of RGO and Ag/Ag3zPOy4 in the hybrid.

4. Conclusions

In summary, graphene-bridged Ags;PO4/Ag/BiVO, (040) Z-
scheme photocatalyst was prepared by a hierarchical assembly
procedure, which combined with an in situ precipitation and a
photo-reduction method. The as-prepared Ag/Ag3P0,4/BiVO4/RGO
nanocomposites exhibited excellent photocatalytic activity for TC
degradation under visible light irradiation, which was much faster
than those over pure AgzPOg4, BiVO4 and other composites. Sev-
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Scheme 1. Schematic illustration of the proposed mechanism for photo-generated charge carrier transfer in the Ag/Ags;P0O4/BiVO4/RGO nanocomposite under visible light

irradiation (black sheet represents graphene in the diagram).

eral parameters: catalytic behavior, catalysis dosage, initial TC
concentrations, reaction pH, light irradiation condition, support-
ing electrolytes and water sources were taken into discussion.
The results demonstrated that Ag/Ag3P04/BiVO4/RGO showed
the optimal photocatalytic performance with catalysis dosage at
ca. 0.5g/L, pH at ca. 6.75 and Na;SO4 (0.5M) as the support-
ing electrolyte. The enhanced photocatalytic performance should
be beneficial for the cocatalytic effects of Ag/AgsPO4 and RGO,
which could lead to higher surface area, more desirable absorp-
tion capability and higher separation efficiency of photo-generated
electron-hole pairs. Moreover, Ag/Ag3;PO4 and RGO could be used
as protective coatings that partially inhibited the photocorro-
sion of single semiconductor, especially pure Ag3POy4, thus the
Ag/Ag3P0O4/BiVO4/RGO composite also displayed superior photo-
stability. Most importantly, high degradation efficiencies were
also achieved by Ag/Ag3P04/BiVO4/RGO in the degrading TC from
medical wastewater, municipal wastewater, river wastewater and
tap wastewater, suggesting its satisfying application potential in
future wastewater treatment. This study inspires the exploration
of similar facile methods to stabilize other easily photo-corroded
photocatalysts for better applications in addressing environmental
protection issues.
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