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• A highly efficient and stable Z-scheme
photocatalytic system has been success-
fully constructed.

• AP/rGO/CN composite showed superior
photocatalytic performance towards
NOF under natural solar light.

• About 85% of NOF can be mineralized
after 2 h under natural solar light.

• This Ag3PO4-based Z-Scheme showed
good antiphotocorrosion performance.
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Photocatalytic degradation is an alternative method to remove pharmaceutical compounds from water,
however it is hard to achieve efficient rate because of the low efficiency of photocatalysts. In this study,
an efficient Z-Scheme photocatalyst was constructed by integrating graphitic carbon nitride (CN) and re-
duced graphene oxide (rGO) with AP via a simple facile precipitation method. Excitedly, ternary AP/rGO/
CN composite showed superior photocatalytic and anti-photocorrosion performances under both intense
sunlight and weak indoor light irradiation. NOF can be completely degraded in only 30 min and about
85% of NOF can be mineralized after 2 h irradiation under intensive sunlight irradiation. rGO could work
not only as a sheltering layer to protect AP from photocorrosion but also as a mediator for Z-Scheme elec-
tron transport, which can protect AP from the photoreduction. This strategy could be a promising method
to construct photocatalytic system with high efficiency for the removal of antibiotics under natural light
irradiation.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

The increase of antibiotic resistance of microorganism and human
body aroused by the abuse of antibiotics in agriculture and healthcare
industry raises great public concern (Krumperman et al., 1983; Wong
et al., 2000; Tang et al., 2016). Without a good drug supervisory admin-
istration, large amounts of the antibiotics released to the environment.
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Fig. 1. FESEM images of (a) AP; (b) CN; (c) GO; (d) AP/CN; (e) AP/rGO; (f) AP/rGO/CN composite; and (g) The procedure for the synthesis of AP/rGO/CN composite. The scale bars for a–c
and d–f are 2 μm and 200 nm, respectively.

1463J. Wang et al. / Science of the Total Environment 639 (2018) 1462–1470
Many of antibiotics detected in aquatic environment, even at trace
levels, have been reported to cause antibiotic resistance and have an ad-
verse effect to aquatic wildlife, the ecosystem and human health
(Brown et al., 2006; Watkinson et al., 2009, Wang et al., 2017a,
2017b). Thus, the advanced technology for the efficient removal of anti-
biotics from water should be the focus of our concern.

Semiconductor photocatalysis has been considered to be one of the
most promising approaches to remove the organic pollutants especially
antibiotics pollutants from water (Hoffmann et al., 1995; Schneider
et al., 2014; Tang et al., 2008; Zeng et al., 2013; Yu et al., 2016a,
2016b). However, the low sunlight conversion efficiency is still a big
challenge for photocatalysis in practically environmental applications
(Deng et al., 2017b;Wang et al., 2017a). Recently, silver based semicon-
ductor photocatalysts including AgX (X=Cl, Br, I) (Wen et al., 2017; Ye
et al., 2012), Ag2CO3 (Yu et al., 2014), Ag3PO4 (Bi et al., 2011), AgVO3

(Mai et al., 2010), and Ag2CrO4 (Deng et al., 2016), have beenwidely in-
vestigated, because they were found as the most efficient visible light
response photocatalysts for the removal of organic pollutants. It is
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Fig. 2. TEM (a) and HRTEM (b) ima
worth noting that Ye et al. fabricated a novel Ag3PO4 photocatalyst
with extremely high photo-oxidative capabilities for water splitting
and organic dye decomposition under visible light irradiation,
which achieved the highest quantum efficiency among all exiting
photocatalysts at wavelength larger than 420 nm (Yi et al., 2010).
It could be one of the most promising photocatalyst for practically
environmental application. It is noteworthy that Teng's group re-
ported Ag3PO4 have a high photoactivity and stability under weak in-
door light for the degradation of dye pollutants, which might bring
us an achievable technology based on Ag3PO4 in water purification
(Hua et al., 2015; Teng et al., 2015, Tang et al., 2017). However,
Ag3PO4 greatly suffers from severe photocorrosion in practical appli-
cations because it could decompose rapidly when no sacrificial re-
agent is involved (Cai et al., 2017; Guan and Guo, 2014; Liu et al.,
2016). The biggest obstacle for Ag3PO4 in practically application is
its severe photocorrosion (Guo et al., 2013; Voiry et al., 2013). There-
fore, the key strategy is to inhibit its photocorrosion when it is used
in practical application.
CN

d= 0.225 nm

d= 0.225 nm

b

ges of AP/rGO/CN composite.



Fig. 3. UV–vis diffuse reflectance spectra of (a) AP, CN, and AP/rGO/CN; (b) Kubelka-Munk curve of different samples.
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Themain reason for the photocorrosion of Ag3PO4 is that Ag+ can be
easily reduced intometal Ag by excited electronswhen exposed to light.
This could significantly lead to the loss of Ag3PO4 and decrease the pho-
tocatalytic efficiency of Ag3PO4. Designing silver based photocatalysts
with sufficient charge separation efficiency and high anti-
photocorrosion performance in the ultraviolet and visible light region
is still a big challenge in photocatalysis research. Recently, researchers
have tried many methods to strengthen the stable performance of
Ag3PO4, including morphology control (Teng et al., 2015; Wang et al.,
2012), coupling semiconductor (Hou et al., 2012; Li et al., 2013), and
carbon-based composite (He et al., 2014; Liu et al., 2016; Yang et al.,
2013). However, the above strategies could not solve the problem es-
sentially and the improvement was relatively small (Li et al., 2016;
Wang et al., 2016a). The key to improve anti-photocorrosion perfor-
mance and photoactivity of Ag3PO4 is to consume the electrons or trans-
fer them away timely, thereby avoiding reaction between Ag+ and
electrons.

Inspired by the natural photosynthesis process, the artificial Z-
scheme photocatalytic system was proposed and it featured the spatial
Fig. 4. (a, b) Photodegradation curves of RhB under the intensive sun light irradiation by the as-
[RhB] = 10 mg L−1; [AP] = 1 g L−1.
isolation of photogenerated electrons andholes, which could reduce the
bulk electron-hole recombination (Chen et al., 2017; Sun et al., 2015;
Tada et al., 2006). Besides, in Z-scheme heterojunction, photogenerated
charges can accumulate on the higher potential energy band rather than
transfer to the lower energy band, so that the high potential energy
band gets protected, and the electrons and holes can maintain high re-
activity. Recently, many Ag3PO4 based Z-scheme photocatalytic systems
have been proposed, for example, AgI/Ag3PO4 (Chen et al., 2013),
Ag3PO4/MoS2 (Wan et al., 2017), SrTiO3/Ag3PO4 (Guan and Guo,
2014), GO/Ag3PO4 (Ao et al., 2013), and Ag3PO4/HAp (Chai et al.,
2015). Although these Ag3PO4 based Z-scheme photocatalytic systems
perform efficiently in relaying electrons, a solid electron mediator is
more favorable in terms of accelerating the electron transfer rate be-
tween two photocatalysts (Deng et al., 2017a; Wang et al., 2016b).
The photocatalyst-mediator-photocatalyst contact interface is also
very crucial to ensure a continuous flow of electrons between
photocatalysts and target pollutants (Zhou et al., 2014).

In this study,we fabricated awell-designed Z-Schemephotocatalysis
system composed of reduced graphene oxide-enwrapped Ag3PO4 (AP/
prepared samples of different mass ratios; (c) reaction kinetic rate of as-prepared samples.



Fig. 5. Photodegradation curves of RhB under weak indoor light irradiation by AP and AP
composites. [RhB] = 10 mg L−1; [AP] = 1 g L−1.
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rGO) and graphic carbon nitride (g-C3N4, CN). Compared with pure
Ag3PO4 (AP), CN, and the binary composites AP-CN, AP-rGO, the unique
ternary Z-Scheme architecture (AP/rGO/CN) displayed obviously en-
hanced photocatalytic and anti-photocorrosion performances in degra-
dation of norfloxacin (NOF) under natural solar light. It is because the
rGO could help electrons efficiently transport from the conduction
band (CB) of Ag3PO4 to the valence band (VB) of g-C3N4, which re-
sults in enhanced separation efficiency of electron-hole pairs and
the formation of rich-hole region on the surfaces of Ag3PO4. This
work provides a new application of Z-Scheme photocatalytic
system for protection of photosensitive semiconductors from
photocorrosion and effective elimination of antibiotic pollutants
under the natural solar light irradiation.
2. Experimental

2.1. Chemicals

All chemicals were of analytical grade and without further purifica-
tion before use. Silver nitrate, sodium hydrogen phosphate, graphite,
and melamine were purchased from Sinopharm Chemical Reagent Co.
Ltd. All the other reagents were purchased from Shanghai Reagents
Company (Shanghai, China).
Fig. 6. (a) Photodegradation curves of NOF under the intensive sun light irradiation by A
10 mg L−1; [AP] = 1 g L−1.
2.2. Preparation of AP/rGO/CN ternary composite

The detailed fabrication procedure was given in SI.

2.3. Characterization

The morphologies were examined by field emission scanning elec-
tron microscopy (FE-SEM) (Hitachi, S-4800) and a transmission elec-
tron microscope (TEM, TECNAI G2 F20). UV − vis diffuse reflectance
spectra of the photocatalysts were performed on an UV − vis spectro-
photometer (Cary 300, USA). The photoluminescence (PL) measure-
ments were carried out on F-7000 at room temperature.

2.4. Photodegradation under intensive solar light

Photocatalytic performance of the as-prepared samples was tested
by the degradation of RhB and NOF under natural intensive solar light
irradiation. The irradiance was measured and listed at Table S1. Typi-
cally, 50 mg of photocatalyst was dispersed into the reaction solution
(50 mL, 10 mg L−1 RhB or NOF). The suspension was stirred for
30 min in the darkness to reach an adsorption-desorption equilibrium,
and then transferred to the out of the window in our laboratory room
(Changsha, China). At a given interval time, 1 mL of suspension was
taken out and separated through centrifugation (4000 rpm, 10 min)
during the degradation process. The concentration of remained RhB in
supernatants was analyzed by a UV–vis spectrophotometer. The resid-
ual NOF concentration was detected by an Agilent HPLC Series 1100
(Agilent, Germany) equipped with a UV–vis detector and a Zorbax SB-
C18 column (4.6 × 250 mm, 5 μm) (Zhang et al., 2016). The detection
wavelength was set at 268 nm and the injection volume was 20 μL.
The initial eluent flow rate was 1 mL min−1. Mobile phase A was H2O
andmobile phase B was HPLC grade acetonitrile (with a ratio of 30:70).

2.5. Photodegradation under weak indoor light irradiation

The degradation experiments were also carried out under weak in-
door light irradiation. The irradiance was measured and listed at
Table S2, while the other conditions are the same as those above.

3. Results and discussion

3.1. Characterizations of as-prepared photocatalysts

The morphology of the as-prepared samples was first characterized
by field-emission scanning electron microscopy (FE-SEM). Fig. 1a
clearly shows that the pure AP possesses an irregular sphere-like poly-
hedral morphology with an average diameter ranging from 300 to
P and AP composites; (b) reaction kinetic curves of AP and AP composites. [NOF] =
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Fig. 8. Photodegradation curves of NOF under weak indoor light irradiation by AP and AP
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Fig. 7. Mineralization of NOF under the intensive sun light irradiation by AP and AP
composites. [NOF] = 10 mg L−1; [AP] = 1 g L−1.
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500 nm. Pure CN displays wrinkled lamellar structure with relatively
smooth surface (Fig. 1b). Fig. 1c reveals that GO are smooth and crum-
pled sheets, which was attributed to the deformation and distortion of
graphite sheets. It can be seen in Fig. 1d that AP particles are coated
with CN and the surface morphology has changed. An FESEM image of
AP-rGO composite (Fig. 1e) clearly reveals that it is composed of
sphere-like AP polyhedra with an average diameter of ~200 nm, and
most particles are wrapped by flexible GO sheets, which implies that
the addition of GO has an obvious effect on the morphology of AP parti-
cles. For AP/rGO/CN (Fig. 1e), three structures were all found and com-
bined well with each other. Fig. 1g shows the schematic diagram
preparation procedure of AP/rGO/CN composite. The TEM and HRTEM
characterizationwere performed by a transmission electronmicroscope
(TEM, TECNAI G2 F20). The typical images of a smooth and wrinkled
surface of GO are observed. It can also be clearly seen from Fig. 2a that
the Ag3PO4 particles with size ranging from 200 to 400 nm arewrapped
by CN and rGO, which is consistent with the results of SEM. The corre-
sponding HRTEM image (Fig. 2b) shows clearly that the lattice spacing
are 0.268 nm corresponding to the (2 1 0) plane of Ag3PO4. The optical
property of AP, CN, and AP/rGO/CNwere analyzed by UV–vis diffuse re-
flectance, and Fig. 3a shows that pure AP and CN exhibited the absorp-
tion of sunlight with wavelength shorter than 450 nm. Compared with
AP and CN, AP/rGO/CN displays strong absorption in the range of
550–800 nm. The band gap energies of AP and CN can be estimated by
Kubelka−Munk transformation,αhυ=A(hυ− Eg)n/2,whereα repre-
sents the absorption coefficient, υ is the light frequency, Eg is the band
gap energy, A is a constant, and n depends on the characteristics of
the transition in a semiconductor. According to Kubelka−Munk trans-
formation, Fig. 3b shows that the Eg values of CN andAPwere calculated
to be 2.91 and 2.39 eV, respectively.

3.2. Degradation of RhB dye solution

3.2.1. Under outdoor intensive solar light irradiation
The photocatalytic test of AP and its composites towards RhB was

conducted under natural intense light irradiation. We first carry out
the experiment under the outdoor intensive solar light irradiation out
of our laboratory. (Location: Hunan University, N28° 11′ 14.26″ E112°
57′ 6.17″; Date: September 15, 2017; Weather: Sunny day). The opti-
mizedmass ratios of the prepared sampleswere in Fig. 4a and b. In com-
parison with pure AP, AP/rGO and AP/CN, AP/rGO/CN composites both
exhibit superior photocatalytic activities. Surprisingly, the results reveal
that the as-prepared samples can efficiently degrade RhB under natural
outdoor intense light irradiation. AP/rGO/CN composite shows the
highest photoactivity towards RhB, which can completely degrade
RhB dye in 3 min (Fig. 4b). The visualized photoderadation experiment
for RhB using AP/rGO/CN can be seen in a video (Video 1(SI)). In blank
test, self-degradation of RhB was negligible without the addition of cat-
alysts, suggesting the relatively photochemical stability of organic dyes
(Fig. 4b). Based on the optimizedmass ratios experiment, the optimized
mass ratios of rGO and CN towards AP are 1.5% and 10%, respectively.
Fig. 4c shows the reaction kinetic parameters of as-prepared samples.
The apparent kinetic constants for AP, AP/CN, AP/rGO and AP/rGO/CN
composite are 0.15, 0.55, 0.78 and 1.26 min−1, respectively (Fig. 4c).
The above results demonstrate that the as-prepared AP/rGO/CN com-
posite can fully and effectively utilize natural light to remove organic
pollutants due to the effective band match between CN and AP.

3.2.2. Under natural indoor weak light irradiation
To further test the photocatalytic performance of AP towards RhB

under the natural weak indoor light irradiation, we also conducted the
photodegradation experiments in our laboratory, in which the irradi-
ance was recorded by radiometer and are presented in Table S2. Amaz-
edly, RhB could also be degraded by AP and its composites under the
natural weak indoor light irradiation. AP/rGO/CN composite also
shows the highest photoactivity, which can degrade 98% RhB after
exposing to the natural weak indoor light irradiation for 2.5 h (Fig. 5),
while only 45% of RhB can be degraded by pure AP in 3 h. The above re-
sults show that this ternary AP/rGO/CN composite has wide absorption
range and efficient photodegradation efficiency towards RhB under the
natural weak light irradiation.

3.3. Degradation of NOF solution

3.3.1. Under natural outdoor intense light irradiation
The photodegradation of NOF by AP and its composites were con-

ducted under outdoor intense light irradiation. Fig. 6a shows that,
even without the addition of catalysts, NOF was obviously decomposed
under intensive outdoor light irradiation, which might because the in-
tensive sunlight has ultraviolet light. But compared with the
photodegradation of NOF for AP and its composites, photolysis effect
is relatively weak. The AP/rGO/CN composite showed an amazedly
highest photoactivity towards NOF, which could completely degrade
NOF in 30 min. The phtodegradation of NOF follows the first order ki-
netic reaction equation, −ln(C/C0) = kt, where C0 and C are the NOF
concentrations at time zero and t, respectively, and k is the rate con-
stant. The apparent kinetic constants for AP, AP/rGO, AP/CN and AP/
rGO/CNcomposite are 0.029, 0.051, 0.035 and 0.122min−1, respectively
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(Fig. 6b). The above results have demonstrated that AP/rGO/CN com-
posite photocatalytic system could also have excellent activity for the
degradation of antibiotic pollutant. Total organic carbon (TOC) was
measured with a Shimazu TOC analyzer (TOC-VCPH). Fig. 7 shows
that the TOC value of NOF decreased by ∼85.1% after 2 h of outdoor in-
tensive sunlight irradiation, which indicates that NOF mineralization
by AP/rGO/CN composite is possible.
3.3.2. Under natural weak indoor light irradiation
The photocatalytic experiments of the as-prepared composites to-

wards NOF were also conducted under the natural weak indoor light ir-
radiation in our laboratory. Amazedly, NOF could also be degraded by
AP and its composites under the natural weak indoor light irradiation.
AP/rGO/CN composite also showed the highest photoactivity, which
could degrade 97% NOF after exposing to the natural weak light irradia-
tion for 4 h (Fig. 8). Fig. 9 shows that the TOC value of NOF decreased by
∼30.2% after 4 h, which indicates that NOFmineralized by AP/rGO/CN is
possible even under the indoor weak light irradiation. The above results
have proved that, although under the natural weak light irradiation, AP/
rGO/CN photocatalysis systems have excellent photoactivity for the
degradation of antibiotics and dye solution due to its ultra-strong
redox ability, relatively high carrier separation efficiency, wide absorp-
tion range and unique ternary Z-Scheme architectures.
Fig. 10. (a) repeated photocatalytic experiments of AP, AP/rGO, and AP/rGO/CN
3.4. Photostability and recyclability

The stability of silver based semiconductor photocatalyst is a key
issue in practical applications. To investigate the stability of AP and its
composites under outdoor intensive light irradiation, the degradation
experiments of RhB by as-prepared samples are repeated for 5 cycles.
Fig. 10a shows that there is only little loss in the photoactivity for AP/
rGO/CN composite after 5 cycles reused. The removal efficiency still re-
mains at 97% in 5 min. However, there is a significant decrease of pho-
tocatalytic efficiency for bare AP, which declines by about 31% after 5-
cycles reused, because that a large number of AP was greatly reduced
into Ag0 by photon-generated electrons. With the increase of Ag con-
tent, there will be shield silver layer on the surface of AP. The shield
layer would block the light absorption of AP, thereby inhibiting the
transfer of carriers between AP and solution. To dig deeper to verify
the anticorrosive performance for AP/rGO/CN composite, the XRDmea-
surementwas employed. TheXRDpatterns of fresh and used AP andAP/
rGO/CN are shown in Fig. 10b. Three peaks emerge at 38.1°, 64.4° and
77.4° for AP sample after 5 cycles, which can be classified as character-
istic peaks of silver (JCPDS NO.04-0783)(Yao et al., 2012). Surprisingly,
there are no any impurity peak emerged in AP/rGO/CN samples after
5 cycles. Above results powerfully prove that the introduction of rGO
and CN was beneficial to solve the photocorrosion problem of pure AP
in practical applications.
composite; (b) XRD patterns of AP and AP/rGO/CN composite after 5 runs.



Scheme 1. (a) the photocatalytic degradation mechanism of pollutants; (b) Photocorrosion-inhibition mechanism.
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3.5. Possible photocatalytic mechanism

RhB was chosen as the target pollutant in the trapping experiments
to investigate the main active species in the photocatalytic degradation
process. Fig. 11 shows that only benzoquinone (BQ, scavenger of O2•−)
and EDTA-2Na (scavenger of h+) have obvious influence on the degra-
dation efficiency towards RhB for AP/rGO, and the photocatalytic reac-
tion was almost completely inhibited in the presence of EDTA-2Na.
The photodegradation efficiency showed no obvious reduction after
the addition of isopropanol (IPA, scavenger of •OH). The degradation
rate of RhB declined from 0.791 to 0.712, 0.514 and 0.06 min−1, with
the addition of BQ, IPA and EDTA-2Na, respectively (Wang et al.,
2018). The above results demonstrated that the h+ and O2•− are the
main active species for AP photocatalysis. However, for AP/rGO/CN,
the photodegradation could all be obviously deactivated in the presence
of BQ, IPA and EDTA-2Na, and the degradation rate of RhB declined from
1.08 to 0.756 0.116, and 0.21 min−1, respectively, suggesting that all
three active species (O2•−, h+ and •OH) worked well in the photocata-
lytic process for AP/rGO/CN composite. Clearly, the holes can enrich
on the VB of AP/rGO/CN (thereby retaining sufficient capacity to oxidize
H2O species to •OH) onlywhen the electron andholes in AP/rGO/CNmi-
grate by the Z-scheme mechanism.
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Fig. 12. PL spectra of AP and AP hybrid materials.
Therefore, the photocatalytic degradation mechanism of pollutants
is shown as follow:

AP=rGO=CNþ hv→e− þ hþ

e− þ O2→O2˙−
hþ þ H2O→˙OH
˙OHþ pollutants→degraded products

And the detailed photocatalytic degradation mechanism is also
shown in Scheme 1a. Fig. 12 shows the steady-state PL spectra of pure
AP and AP hybrid nanocomposites. The lower PL intensity means the
lower recombination possibility of photo-generated charge carriers.
Pure AP exhibited strong emission peak at around 525 nm and a shoul-
der at 460 nm. It can be seen that AP/CN, AP/GO, and AP/rGO/CN
showed lower intensity of emission spectra than that of AP, and the PL
intensity of AP/rGO/CN is the lowest. The above results indicate that
the AP/rGO/CN have a relatively high carrier separation efficiency.

3.6. Anti-photocorrosion mechanism

Photocorrosion phenomenon occurs quite commonly on silver
phosphate-based photocatalysts which significantly limits their practi-
cal applications. Herein, silver phosphate-based Z-Scheme photocata-
lytic system was proposed to inhibit the photocorrosion. Scheme 1b
illustrates photoinduced e− in the CB of APmigrate to the VB of CN rap-
idly via rGO and then combined with the holes in the VB of CN timely,
which may effectively reduce their opportunities to react with Ag+,
thus inhibiting the photocorrosion to an extent. More importantly, the
photoinduced holes could aggregate on AP and form a rich-hole region
(Li et al., 2017; Yu et al., 2016a, 2016b). Herein, rGO not only plays the
role of interparticle electron mediator but also acts as sheltering layer
which can also protect AP from photocorrosion. Hence, the efficient
AP/rGO/CN Z-Scheme photocatalytic system was synthesized and it
was demonstrated that Z-Scheme photocatalytic system effectively re-
strains the photocorrosion of AP because of the unique electron transfer
paths and the synergistic effect of each component. This strategy effi-
ciently deals with photocorrosion phenomenon of AP and can be ap-
plied to other photosensitive semiconductors.

4. Conclusions

A stable Z-schemephotocatalytic system for efficiently removing an-
tibiotics from water has been successfully constructed. A novel ternary
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AP/rGO/CN composite was successfully fabricated via a facile chemical
precipitation method at ambient conditions. The ternary AP/rGO/CN
composite displayed superior photocatalytic activity towards NOF deg-
radation under natural solar light irradiation and it also shows excellent
anti-photo corrosion performance under intense outdoor light irradia-
tion. The degradation rate of NOF over AP/rGO/CN ternary nanocompos-
ite was 0.122 min−1, which was about 4.2 folds as that of AP,
respectively. Z-Scheme photocatalytic system, effective charge separa-
tion, and enhanced full spectrum-light absorption could be responsible
for the improvement of photoactivity for ternary AP/rGO/CN composite.
According to active species trapping experiment, O2•−, h+ and •OH
were demonstrated to be the predominant radicals participating in
the photodegradation induced by AP/rGO/CN composite. In addition,
the introduction of rGO and CN could effectively boost the anti-
photocorrision properties of bare AP. This work provides a new applica-
tion of Z-Scheme photocatalytic system for effective elimination of anti-
biotic pollutants under the natural light irradiation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.05.258.
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