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HIGHLIGHTS

Novel Ag@PCNS/BiVO4 nanocompos-
ite was synthesized via an impreg-
nated process combined with photo-
reduction method.

Synergistic  effects results in
enhanced visible-near-infrared
response ability.

Boosted photocatalytic removal effi-
ciency of ciprofloxacin.

® The effect of surface plasmonic res-
onance caused by metallic Ag con-
tributed to the dual Z-scheme reac-
tion mechanism.
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GRAPHICAL ABSTRACT

ABSTRACT

To realize the full utilization of solar energy, the design of highly efficient photocatalyst with improved
visible-near-infrared photocatalysis performance has attracted great attentions for environment pollu-
tant removal. In this work, we rationally employed the surface plasmon resonance effect of metallic
Ag in the phosphorus doped ultrathin g-C3N4 nanosheets (PCNS) and BiVO4 composites to construct a
ternary Ag@PCNS/BiVO,4 photocatalyst. It was applied for the photodegradation of ciprofloxacin (CIP),
exhibiting 92.6% removal efficiency under visible light irradiation (A >420nm) for 10 mg/L CIP, and
presenting enhanced photocatalytic ability than that of single component or binary nanocomposites
under near-infrared light irradiation (A > 760 nm). The improved photocatalytic activity of the prepared
Ag@PCNS/BiVO4 nanocomposite can be attributed to the synergistic effect among the PCNS, BiVO4 and
Ag, which not only improves the visible light response ability and hinders the recombination efficiency
of the photogenerated electrons and holes, but also retains the strong the redox ability of the photo-
generated charges. According to the trapping experiment and ESR measurements results, *OH, h* and
-02—
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all participated in the photocatalytic degradation process. Considering the SPR effect of metallic Ag and
the established local electric field around the interfaces, a dual Z-scheme electrons transfer mechanism

was proposed.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The abuse and discharge of pharmaceutical compounds in the
environment cause great threat to human health. Ciprofloxacin
(CIP), a second-generation fluoroquinolone (FQ) antibiotic, has
been widely used to fight against variety diseases [1]. However,
due to the proliferation effect of bacterial drug resistance even in
trace concentration, CIP also brings about great harm to humans
and eco-system. Now, CIP exists in different water resources, such
as wastewater, surface water, ground water and even in drink-
ing water [2-4]. The concentration of CIP in these environmental
matrices mainly located at pg/L, in some freshwater ecosystems
even reached mg/L. [5,6] Just the same as many other pharmaceuti-
cal chemicals, CIP cannot be removed efficiently by biodegradable
process [7,8]. Thus the removal of CIP from the environment has
already become an urgent issue, and highly efficient treatment
method is needed.

Recently, the removal of environmental pollutants based on
solar energy-driven semiconductor photocatalysis system has been
developed rapidly [9-21]. Especially the efforts tend to broaden
the light response ability of the semiconductors from visible to
near-infrared light, because these two light account for most of
the solar energy. However, seeking and designing satisfactory
photocatalysts is still a huge challenge. Among various semi-
conductor photocatalysts, graphitic carbon nitride (g-C3Ng4) has
attracted great attentions owing to its nontoxic, visible light
response ability, proper energy band level and position and excel-
lent physicochemical stability [22-24]. However, pristine g-C3N4
usually possesses limited visible light response ability. There-
fore, the modification of g-C3N4 to enhance its visible light even
near-infrared light response ability is necessary, and two main
strategies can be applied. One is structure engineering and self-
doping with other elements [23-27]. For example, the fabrication of
phosphorous-doped ultrathin porous g-C3N4 presented enhanced
photocatalytic hydrogen production ability and environment pol-
lutants removal performance [28,29]. But owing to the intrinsic
band-gap energy (~2.8eV) of g-C3N4 and the fast recombination
rate of the photogenerated electron and holes, the performance
of modified g-C3Ny4 via this strategy still needs to be improved.
The other strategy is to couple with another semiconductor to
form heterojunction to accelerate the transformation of the pho-
togenerated charges and acquire high light conversion efficiency
[30-32].

Additionally, it is well known that the formation of heterojunc-
tionis beneficial to the electron transfer, such as p-n heterojunction,
Schottky junction and Z-scheme electrons transfer mechanism. As
for typical charge transfer mechanism (p-n junction or Schottky
junction), the photogenerated charges is inevitable to experience
the transfer process to reduce the recombination efficiency, result-
ing in the reduced redox ability [33]. Different from typical charge
transfer mechanism, the Z-scheme mechanism possesses unique
properties. It can retain the reductive electrons in the higher CB and
oxidative holes in the lower VB, resulting in not only promoted sep-
aration rate but also strong redox ability of photogenerated charges
[34-36]. So the combination of g-C3N4 with another semiconductor
to construct Z-scheme would be an efficient strategy.

Another semiconductor material, bismuth vanadate (BiVO4)
also attracts great attention due to its relatively narrow band gap
(2.4eV), chemical stability and sufficient photocatalytic activity.
And many researches have been focused on the use of BiVO, for
the degradation of environmental contaminants. [37-39] Mean-
while, owing to the suitable bandgaps and band positions between
g-C3N4 and BiVOy, itis expected that formation of g-C3N4 and BiVO4
hybrid composite could remarkably enhance the photocatalytic
activity [40-46]. However, the studies on g-C3N4/BiVO4 compos-
ite present different charge transfer pathways in different reaction
system. Zhao et al. thought that the enhanced photocatalytic per-
formance origins from the typical charge transfer process [45]. But
Zhang and co-workers reported that due to the match bandgaps
between g-C3N4 and BiVOy4, the photogenerated electrons on CB
of BiVO4 could rapidly recombine with photogenerated holes on
VB of g-C5Ny4 to realize a novel Z-scheme system, resulting in the
improved photocatalytic performance [46]. So, what are the rea-
sons for the different results? The fact is that in a semiconductor
heterojunction, these two different charge transfer process (typi-
cal charge transfer and Z-scheme mechanism) would co-exist, and
in different reaction system, the prominent charge transfer mech-
anism would be different. Besides, the Z-scheme charge transfer
usually competes with the typical charge transfer. In this regard, to
speed up the desirable specific Z-scheme charge transfer process,
an electron mediator is needed [31,33]. Among various materials,
Ag usually plays the role of electron mediator in many photo-
catalytic systems [47-49]. However, due to the existence of the
surface plasmon resonance-induced local electric field, Ag can also
generate the electron-rich or hole-rich region under visible light
irradiation, so the consideration of Ag just as an electron mediator
is not accurate enough. Lately, Yu et al. proposed a dual Z-scheme
concept to describe the electron transfer mechanism in the TiO;-
Ag-Cu,0 reaction system [50]. So we think it is possible to apply
the SPR effect of Ag nanoparticles into the hybrid composite to
design highly efficient photocatalysts with visible-near-infrared
light response ability based on dual Z-scheme charge transfer
mechanism.

Herein, we rationally applied the SPR effect of Ag into the
phosphorous-doped ultrathin g-C3N4 nanosheets (PCNS) and
BiVO,4 hybrid composites to design ternary Ag@PCNS/BiVO,4 pho-
tocatalyst. CIP was used as the target contaminant to evaluate
the photocatalytic activity of the prepared samples. Under the
optimum condition, the prepared Ag@PCNS/BiVO4 composite pre-
sented 92.6% and 18.1% removal efficiencies under visible light
and near infrared light irradiation within 120 min, respectively.
Moreover, the reaction parameters for CIP removal have been sys-
tematically studied, such as the dosage of photocatalysts and the
initial CIP concentration. Besides, the influences of cations and
anions have been studied considering that real polluted water con-
tains a variety of inorganic salts. The results show that the existence
of CO32~ and PO43~ can significantly decrease photocatalytic activ-
ity of this reaction system, and others do not. This work provides
a new insight into the understanding of SPR effect in the hybrid
photocatalysts, and this strategy for the design of highly efficient
dual Z-scheme photocatalysts could be expanded to other reaction
system.
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Fig 1. XRD patterns of the prepared PCNS, BiVO4, PCNS/BiVO4 and Ag@PCNS/BiVO4
nanocomposites.

2. Experimental

This part can be seen in the supplement material.

3. Result and discussion
3.1. Structure and morphology characteristics

The crystalline phase of the samples was investigated by XRD
analysis, and the results are disclosed in Fig. 1. For pure PCNS pho-
tocatalyst, only two diffraction peaks located on 27.3° and 13.4°
are observed, representing the characteristic diffraction planes of
(002) and (100), respectively (JCPDS 50-1250) [29]. As for pure
BiVQy,, a series of diffraction peaks are consistent to the mono-
clinic phase of BiVO,4 (JCPDS 14-0688) [46]. For PCNS/BiVO4 and
Ag@PCNS/BiVO,4 samples, the co-existence of main peaks of the
crystalline pattern of BiVO,4 and the weak characteristic peaks of
PCNS means co-existence of PCNS and BiVOy. It should be noted
that no clear characteristic diffraction peaks of Ag can be observed
in Ag@PCNS/BiVO4 nanocomposite, which could be attributed to
the relatively low amount of metallic Ag.

The SEM images are provided and presented in Fig. 2. From
Fig. 2a, we can see that the prepared PCNS present nanosheets
structure, which is in agreement with the reported literature
[23,29]. While the prepared BiVO,4 presents blocked shape parti-
cles and smooth surface (Fig. 2b). As for ternary Ag@PCNS/BiVO4
photocatalyst, the BiVO4 nanoparticle were dispersed on the sur-
face of PCNS, and the metallic Ag was also decorated on the surface
of PCNS/BiVO4 composites, which can be affirmed by the following
analysis.

To obtain more detailed morphology, TEM and HR-TEM images
were also provided (Fig. 3a and b). Fig. 3a discloses that the BiVO4
nanoparticle and metallic Ag are uniformly dispersed on the surface
of PCNS. And the result is also confirmed by the HR-TEM images
of Ag@PCNS/BiVO4 nanocomposite in Fig. 3b. The crystalline lat-
tice of 0.237 nm belongs to Ag (111), and the crystalline lattice of
0.259 nm refers to the (200) plane of BiVO4. Meanwhile, the amor-
phous part was corresponding to the PCNS nanosheets. The above
mentioned results demonstrated the co-existence of Ag, BiVO,4 and
PCNS, and their intimate connection with each other. Additionally,
the EDS mapping clearly demonstrated the existence and uniform
distribution of C, N, P, O, Bi, V and Ag elements, which gives strong

Fig. 2. (a) SEM images of PCNS, (b) BiVO4 and (c) PCNS/BiVO,4 nanocomposites.

evidence of the successful preparation of Ag@PCNS/BiVO, ternary
nanocomposite.

3.2. Surface chemical composition and group analysis

The FT-IR spectroscopy of the prepared samples is presented
in Fig. 4. For pristine BiVO,4 photocatalyst, only one main peaks at
843 cm~! are observed, which refer to the v; symmetric stretch-
ing vibration of the VO4 unit v; (VO4) [46]. As for PCNS, a series
of peaks are obtained. The sharp peak at 807 cm~! can be related
to the s-triazine ring modes. Meanwhile, the peaks at 1568, 1423,
1320, and 1245 cm™! are related to aromatic C—N stretching vibra-
tions, while the peaks at 1643 cm~! are attributed to C=N stretching
vibration modes [29,51]. The FT-IR spectra of PCNS/BiVO4 and
Ag@PCNS/BiVO,4 heterojunctions are similar to those of the main
peaks of pure PCNS and BiVOy, suggesting that no obvious struc-
tural change of PCNS and BiVO,4 occurred during the preparation
process of the photocatalyst.

To further investigate the composition of the as-prepared
Ag@PCNS/BiVO,4 nanocomposite, XPS technique was utilized
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Fig. 3. (a) TEM image, (b) HR-TEM image of Ag@PCNS/BiVO4 nanocomposite and the corresponding (c) HAADF-STEM image and (d-j) elements EDS mapping images.

(Fig. 5). The XPS survey spectrum is presented in Fig. 5a. It can be
seen that the Bi, O, V, C, N and Ag elements could all be clearly
observed, but the P element cannot be observed owing to the
relatively low content in the composite. Fig. 5b shows the high-
resolution XPS spectra of Bi 4f. The observed two main peaks at
163.8 eV and 168.4 eV belong to Bi 4f;/, and Bi 4fs,, respectively.
As shown in Fig. 5¢, the low peak at 523.8 eV belongs to V 2pq,,
and another main peak at 516.1 eV can be attributed to the V 2ps3,
[46]. In Fig. 5d, the spectra of O 1s can be separated to five peaks.
The peak located at 529.4 eV belongs to the Bi—0 bond of (Bi, 0, )%
for BiVOg4. The peak at 530.9 eV can be attributed to the hydroxyl
groups (O—H) on the surface. Further, due to the oxidation reaction
happened in the preparation process, the characteristic peaks of
C=0 and C—O can be observed at 532.6eV and 533.4 eV. Besides,
a peak located at 531.9eV could refer to —NO3~ owing to the
acid treatment [40,52]. In Fig. 5e, the two peaks at 284.6 eV and
288.0eV correspond to graphitic carbon (C—C) and sp2-bounded
carbon (C=N), respectively. Another weak peak at 286.1 eV could
be the signal of the C—OH. As for the N 1s spectra in Fig. 5f, there
are three main peaks located at 398.1eV, 399.4eV and 400.3 eV,
corresponding to the C=N—C, N—(C)3 and —NH, groups, respec-
tively. Another minor peak at 403.7eV can be attributed to the
-1* satellite [40]. The spectrum of P 2p only presented one main
peak at 132.5eV, which stands for P-N band (Fig. 5g) [29]. In the
high-resolution XPS spectra of Ag 3d shown in Fig. 5h, the two
main peaks observed at 368.1eV and 374.1 eV can be assigned to
metal Ag species [50]. The XPS results further demonstrated that
the Ag@PCNS/BiVO4 nanocomposite was successfully obtained.

Fig. 4. The FT-IR spectra of the prepared samples.

3.3. Optical properties

To investigate the optical property of the prepared samples, the
UV-vis DRS spectra are provided (Fig. 6). The pristine BiVO4 shows
an intense absorption band limited to 550 nm and PCNS presents
absorption edge at around 480 nm. Interestingly, compared with
BiVOg4, PCNS and PCNS/BiVOy4, Ag decorated PCNS/BiVO,4 photocat-
alyst exhibited an obviously enhanced visible light absorption edge
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Fig. 5. The XPS spectra of Ag@PCNS/BiVO4 nanocomposite.

Fig. 6. UV-vis diffuse reflectance spectra of the prepared samples.

extending to 800 nm. The intense and broad absorption larger than
550 nm should origin from the strong surface plasmon resonance
of Ag nanoparticles. Meanwhile, the BiVO, hybrid nanocompos-
ite with Ag coated also presents enhanced absorption ability in

the whole visible light region, which also confirmed the surface
plasmon resonance effect of metallic Ag nanoparticles.

3.4. Photocatalytic performance of different photocatalysts

To evaluate the photocatalytic activities of the prepared
samples, ciprofloxacin (CIP) was employed as a representative
refractory pollutant, and the inherent pH value of 10mg/L of
CIP aqueous solution was 6.72. Meanwhile, we not only evalu-
ated the prepared Ag@PCNS/BiVO4 nanocomposite in visible light
(A>420nm), but also investigated its near infrared light irradia-
tionresponse ability (A > 760 nm). The relative results are presented
in Fig. 7. Before exposed to the light irradiation, the reaction
system was placed in dark condition with constant stirring for
30 min to establish the adsorption-desorption equilibrium. Besides,
the photolysis experiments of CIP in both visible light and near
infrared light irradiation were conducted, and the results indi-
cated that the photolysis effect of CIP molecules can be ignored.
Fig. 7a shows the concentration changes of CIP under visible
light irradiation (A >420nm). It can be seen that pristine BiVO4
and PCNS Exhibits 61.6% and 74.8% of CIP decrease efficiency
after 120 min, and PCNS/BiVO4 and Ag@PCNS/BiVO4 composites
both present superior photocatalytic activities. Especially for the
Ag@PCNS/BiVO4 nanocomposite, the degradation efficiency of CIP
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Fig. 7. Photodegradation of CIP with the existence of different samples and the variation in the normalized —In (C/CO) of the CIP concentration as a function of irradiation
time under different light irradiation: (a and b) visible light (A >420 nm) and (c and d) near-infrared light (A > 760 nm).

reaches 92.6%, which is also higher than that of Ag@BiVO,4 (68.6%)
and Ag@PCNS (82.2%). The enhanced photocatalytic performance
of prepared Ag@PCNS/BiVO4 nanocomposite can be attributed to
the decoration of Ag nanoparticles in PCNS/BiVO4 heterojunc-
tion photocatalysts via a photoreduction method. Since BiVO4 was
the electron-rich component in the PCNS/BiVO, composites, Ag
nanoparticles can be deposited on BiVO,4 surfaces or on the inter-
faces between PCNS and BiVOy,, forming ohmic contact that could
accelerate the charge transfer rate and enormously enhance the
photocatalytic activity. Owing to the surface plasmon resonance
properties, silver decorated on semiconductors can enhance the
harvesting of visible light and the subsequent photocatalytic per-
formance.

Further comparative studies of the concentration changes of
CIP vs visible light irradiation time are shown in Fig. 7b. It is seen
that there exists a linear relationship between the —In(C/Cy) and
reaction time, which indicated that the photodegradation of CIP
followed a pseudo-first-order kinetic feature described as follows
[53].

~In(C/Co) =kappt(1)

where C is CIP concentration at time t, Cy is the initial CIP con-
centration, and kqpp is the first-order apparent rate constant. The
photodegradation rate constants of CIP are experimentally deter-
mined to be 0.0079 for BiVO,4, 0.0098 for Ag@BiVOy4, 0.0114 for
PCNS, 0.0147 for Ag@PCNS, 0.0143 for PCNS/BiVO, and 0.0203
for Ag@PCNS/BiVO4 nanocomposite. Clearly, the prepared ternary
Ag@PCNS/BiVO,4 nanocomposite led to remarkably enhanced pho-
tocatalytic activity toward CIP degradation in comparison to their
individual counterpart or relative binary composites. The enhance-

ment could be attributed to the excellent redox ability, promoted
absorption of visible and spatial isolation of photogenerated car-
riers, which were achieved in the dual Z-scheme photocatalytic
system. The mechanism will be explained in detail in mechanism
section.

Considering that the near infrared light takes account of a
great part of solar light, we also investigated the near infrared
light response ability of Ag@PCNS/BiVO,4 nanocomposite [11]. As
shown in Fig. 7¢, the photocatalytic performance of all the photo-
catalysts remarkably declined under near infrared light irradiation
(A>760nm) due to the weak response ability of long wavelength
light. However, owing to the existence of surface plasmon res-
onance effect of Ag nanoparticles, the prepared Ag@PCNS/BiVO4
nanocomposite still presented much higher photocatalytic activity
than pristine component or binary composites samples. The rel-
ative reaction kinetics is also provided in Fig. 7d. It can be seen
that the prepared Ag@PCNS/BiVO4 nanocomposite present higher
reaction process than other samples. The results mentioned above
demonstrated that Ag@PCNS/BiVO,4 nanocomposite showed supe-
rior photocatalytic performance under both visible light and near
infrared light irradiation due to the synergistic effect among three
semiconductors and stronger absorption in the light region, leading
to the efficient photo-induced electron-hole pairs separation.

3.5. The effect of photocatalysts dosage and initial CIP
concentration

Different dosages of Ag@PCNS/BiVO,4 were employed to study its
effect on photodegradation efficiency. As shown in Fig. 8a, the pho-
tocatalytic degradation efficiencies increased from 53.4% to 92.6%
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Fig. 8. The effects of (a) photocatalyst dosage with initial concentration of CIP as 10 mg/L and (b) initial CIP concentration with Ag@PCNS/BiVO4 nanocomposite dosage as
1 g/L on photocatalysis performance of Ag@PCNS/BiVO4 nanocomposite, and (c) total organic carbon (TOC) removal efficiency of the prepared BiVO4 and Ag@PCNS/BiVO4

nanocomposites.

Table 1

The parameters of the real water sample from Taozi Lake.
Sample NH3;—N (mgL-1) COD (mgL1) Cl- (mgL) NO3~ (mgL1) TOC (mgL1) Fe (mgL~1) Ca(mgL1) Mg (mgL-1) Na (mgL1)
Lake water 0.214 4.21 0.097 0.84 3.27 0.02 31.1 5.2 115

with the increase of the photocatalysts dosage from 0.3 to 1.0 g/L.
The results showed that the optimal dosage is 1.0 g/L. Further
increasing the photocatalyst dosage would bring about inhibitory
effect. The results obtained can be explained by the following two
reasons. Firstly, when the dosage of photocatalysts is in a relatively
low content, the prepared Ag@PCNS/BiVO4 nanocomposite cannot
provide enough active sites for CIP molecules, which results in low
photocatalytic removal efficiency. With the addition of photocat-
alyst dosage increases, more active sites will be available for CIP
molecules, and then the degradation rate increases. Secondly, when
the dosage of photocatalysts is excess and surpasses the optimal
value, the turbidity of the reaction solution and the light-shielding
effect of the photocatalysts will increase, so less light can reach
the surface of Ag@PCNS/BiVO4 nanocomposite, which reduces the
generation of the photogenerated electrons and holes, and hinders
the photocatalytic activity of the reaction system [54]. Therefore,
the dosage of photocatalysts was set as 1.0g/L in the following
experiments.

Different initial concentrations of CIP pollutant also affect the
photocatalytic activity of the photocatalysts. As shown in Fig. 8b,
the degradation efficiency of 10 mg/L CIP solution is the highest
among all. When the initial concentration of CIP increases from
10mg/L to 30mg/L, the photocatalytic removal efficiency of CIP
decreases from 92.6% to 71.2%. Additionally, when the initial con-
centration of CIP increases, the kinetics process changes from the
first order to near zeroth order. This transition in kinetics can
be owing to the limited reactive oxygen species (ROS) and com-
petitive effect of intermediate products. Similar phenomenon can
also be found in other publication [53]. These results mean that
higher initial pollutant concentration would inhibit the photocat-
alytic performance of the photocatalysts. When proper amount of
CIP molecules are absorbed on the surface of Ag@PCNS/BiVQy, they
will serve as the consumer for the photogenerated electron-hole
pairs and inhibit their recombination on the surface of the pho-
tocatalysts [54]. However, the consumer role of CIP molecules at
higher initial concentration will disappear, replaced with its neg-
ative effect. Higher initial CIP solution concentration will decrease
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Fig. 9. Effect of the existence of different co-existence ions on the degradation of CIP over Ag@PCNS/BiVO4 nanocomposite under visible light irradiation (A >420 nm): (a)
cation, Na*, (b) cation Ca?*, (c) cation, Mg?* and (d) anions, NO3~, CO32~, SO4%~ and PO4>".

Fig. 10. Photocatalytic degradation of CIP in deionized water and real water under
visible light irradiation.

the transport opportunity of the photon and reduced penetration
rate of the irradiation light in the reaction system, leading to lim-
ited photon utilized and excited by the photocatalysts. Meanwhile,
higher CIP means the production of more intermediate products,
which will compete with the CIP molecules for the limited reaction
sites and result in the reduced reaction activity. Therefore, in the
following experiments, 10 mg/L was used as the initial concentra-
tion of CIP.

Fig. 11. Recycle experiments of Ag@PCNS/BiVO4 nanocomposite for the photocat-
alytic degradation of CIP under visible light irradiation.

The mineralization ability of the photocatalysts is vital
to remove pollutants. As shown in Fig. 8c, the prepared
Ag@PCNS/BiVO,4 obtained a total organic carbon (TOC) removal
efficiency of 28.5% after 120 min, which was higher than that of
pure BiVO4 (12.6%) under similar conditions, indicating that the
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Fig. 12. (a and b) Active radical species trapping experiments for the photocatalytic degradation of CIP and the corresponding photocatalytic removal efficiency over
Ag@PCNS/BiVO4 nanocomposite under visible light irradiation, and (c and d) ESR spectra of radical adducts trapped by DMPO (*O,~ and *OH) in Ag@PCNS/BiVO4 nanocom-

posite in the dark and with the visible light irradiation of 5 min, 10 min and 15 min.

prepared Ag@PCNS/BiVO,4 presents enhanced mineralization abil-
ity.

3.6. The influence of cations

It is well-known that different from deionized water, some inor-
ganic salts are common in real waters, thus it is necessary to explore
their effects on CIP removal process. For cations, we added NacCl,
CaCl, or MgCl, to CIP solution, and the results could be seen in
Fig. 9a-c. In Fig. 9a, we could find that Na* didn’t have great influ-
ence on the photocatalytic performance. As for Ca2* and Mg2*, more
inhibition effect has been presented, and both of these two ions
performed similar results. When 0.01 M of these ions was added
into the reaction system, the degradation process was inhibited at
the beginning of irradiation process, and this effect decreased at
120 min. Besides, the increase of the ions concentrations showed
similar effects, indicating that the increase of concentration just
present slight hindering effect in the photocatalytic degradation
process. The reason for the inhibition effect could be that the cations
can bind to CIP to form metal complexes and be adsorbed on the
surface of photocatalysts, slowing down the degradation process
[55].

3.7. The influence of anion

As for anion ions, we added NaNOs, Na;S04, Na;CO3 or Na3POy
to CIP solution, and the concentration of the ions was set as

0.05M. As shown in Fig. 9d, the hindering effect of these anions
(NO3~, SO42~, CO32~ or PO43~) was in the order as follows:
PO43~ > C032~ >S042~ >NO3~. PO43~ presented the strongest inhi-
bition effect and NO3~ performed slight hindering effect. This
phenomenon might be referring to the electrostatic repulsion
effects. With the increase of the charge of these anions, the electro-
static repulsion effect increases, which will release the adsorption
sites of CIP molecules and inhibit the adsorption process [56]. It
should be noted that strong inhibition effect happened for CO32-.
Under these circumstances, both carbonate and bicarbonate ions
existed in the reaction solution [57]. The existing carbonate and
bicarbonate can serve as radical scavengers, which can consume the
hydroxyl radicals produced at the surface of the Ag@PCNS/BiVO,4
photocatalyst, resulting in the decrease of the active radicals to
react with the CIP molecules, and then the photocatalytic degra-
dation of CIP was hindered greatly.

3.8. Real water sample treatment experiment

To simulate the real water sample close to the actual applica-
tion condition, we used the lake water as the solvent to dissolve
CIP as the reaction solution (10 mg/L) to investigate the photocat-
alytic activity of the prepared samples, and to analyze whether
the prepared Ag@PCNS/BiVO,4 can maintain the high photocatalytic
activity in real water sample. The lake water was collected from
Taozi Lake in Changsha, China, and the parameters of the water
sample from Taozi Lake are shown in Table 1. As shown in Fig. 10,
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Fig. 13. Schematic illustration of the proposed photocatalytic reaction mechanism and photogenerated charges transfer pathway over Ag@PCNS/BiVO4 nanocomposite

towards CIP degradation under visible light irradiation (A >420 nm).

the results means that due to the existence of other competi-
tive substances, the photocatalytic performance of the prepared
samples was inhibited in some extent, but the eventual removal
efficiency still reached nearly 80%, which indicated that the pre-
pared sample has the potential for advanced treatment of real
wastewater.

3.9. Photocatalyst recyclability

The reusability of the prepared Ag@PCNS/BiVO,4 was investi-
gated to study the stability. The results of the first experiments
and four repeated experiments are shown in Fig. 11. Even after
four recovery processes, the degradation rate of CIP based on
Ag@PCNS/BiVO4 just experienced a slight decrease, the removal
efficiency of CIP dropped from 92.6% to 86.1%, which indicates the
high mechanical stability and performance of the photocatalyst.

3.10. Possible photocatalytic reaction mechanism

Generally, to verify the reaction process and electron trans-
fer mechanism, the roles of three common active oxidant species,
hydroxyl radical (*OH), hole (h*) and superoxide radical (*0,7),
need to be investigated. Herein, isopropanol (IPA), ethylenedi-
amintetraacetic acid disodium (EDTA-2Na) and 1,4-benzoquinone
(BQ) were used as the scavengers for *OH, h* and *0,, respec-
tively [13,47,58]. The addition dosage of these scavengers was
1mM, and the results are presented in Fig. 12a and b. It can be
seen that the photodegradation process of CIP have been inhib-
ited in some extent with the addition of IPA, indicating that the
*OH species participated in CIP removal process. However, when
EDTA-2Na was added, the photocatalytic degradation efficiency of
CIP sharply decreased from 92.68% to 18.23%, indicating that the
h* species was the major reaction species. Meanwhile, the pho-
tocatalytic removal efficiency of CIP was hindered greatly with
the addition of BQ, implying that *O,~ radical species also played

vital role in the photocatalytic degradation process. Moreover, the
experiment of purging of N, without the addition of any scavenges
was carried out to confirm the function of *0,~ species. Similarly,
the greatly decreased CIP degradation efficiency happened. Based
on the results obtained in the scavengers experiment, it is clear to
conclude that h* and *0,~ play the major role for the CIP degrada-
tion in the reaction system, and the role of *OH cannot be ignored
either.

To further definitely affirm the generation of *O,~ and *OH
species, the ESR spin-trap measurement based on Ag@PCNS/BiVO,4
photocatalyst under visible light irradiation was conducted [59].
All the experiments were operated under dark condition and vis-
ible light irradiation of 5min, 10 min and 15min. As shown in
Fig. 12c, some characteristic peaks of DMPO-*0,~ are observed
for Ag@PCNS/BiVO4 nanocomposite under visible light irradiation
and the signal intensities gradually increase with the increase of
time. However, no any signals were detected in dark. Similarly,
DMPO-*OH adducts are also detected successfully in aqueous dis-
persion of this composite, where four characteristic peaks of the
DMPO-*0OH are observed just with 5 mins irradiation (Fig. 12d).
The ESR results suggest that *O,~ and *OH radical species could be
generated by Ag@PCNS/BiVO,4 composite under visible light irra-
diation, which is consistent with radical-trapping photocatalytic
experimental results.

Therefore, based on the above experimental results and anal-
ysis, a dual Z-scheme photocatalytic mechanism of the prepared
Ag@PCNS/BiVO4 nanocomposite is proposed and illustrated in
Fig. 13. According to previous study, the CB of BiVO4 and PCNS are
2.43eV and 1.89eV, respectively. The VB of BiVO4 and PCNS are
0.32eV and —1.03 eV, respectively [29,46]. During the preparation
process of Ag@PCNS/BiVO4 composite, the Fermi levels among the
interface of PCNS, Ag and BiVO4 have reached equilibrium. Then in
the photodegradation process, when the reaction systemis exposed
to the visible light irradiation, both PCNS and BiVO4 can be excited
to generate photoexcited electron-hole pairs. Due to the existence
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of metallic Ag, the electrons generated on the CB of BiVO4 will
transfer to metallic Ag. Meanwhile, owing to the strong SPR effect,
the surface of metallic Ag will establish an enhanced local electric
field, leading to the photogenerated electrons of Ag transport to VB
of PCNS and recombine with the holes via plasmon-induced reso-
nance energy transfer or direct electron migration. Subsequently,
the remained photogenerated electrons in the CB of PCNS own the
ability to react with dissolved O, to generate *O,~, and meanwhile,
the holes accumulated on the VB of BiVO4 possess enough energy to
react with OH~ or H,O to generate *OH or react with CIP molecules
directly. This dual Z-scheme charge transfer mechanism can bring
about both promoted electrons and holes transfer, and high redox
ability of the photogenerated charge without extra transmission.
Due to the fact that this charge transfer pathway can be regarded to
the combination of two Z-scheme processes, the “dual Z-scheme”
reaction mechanism was proposed so as to describe the reaction
process more accurately.

4. Conclusion

In summary, we rationally applied the SPR effect of metallic Ag
into the PCNS/BiVO,4 nanocomposite to construct a ternary dual Z-
scheme reaction system based on Ag@PCNS/BiVO,. The prepared
Ag@PCNS/BiVO4 composite perform improved photodegradation
rate for the CIP removal, presenting 92.6% removal efficiency
under visible light irradiation within 120 min, and also presents
enhanced photocatalytic activity under near infrared light irradi-
ation. Besides, it presents mineralization ability with 28.5% TOC
removal efficiency of CIP. The remarkable photodegradation per-
formance of prepared Ag@PCNS/BiVO, for CIP removal can be
contributed to the following two reasons: 1) The synergetic effect
among the Ag, PANS and BiVO4 in ternary Ag@PCNS/BiVO,4 compos-
ite can enhance the visible light utilization ability; 2) The strong SPR
effect caused by Ag nanoparticles lead to the establishment of the
local electric field, which contributed to the dual Z-scheme charge
transfer pathway in the reaction process. This dual Z-scheme charge
transfer mechanism can bring about both fast transportation of the
photogenerated electron-hole pairs and strong redox ability, which
results in the remarkable photocatalytic performance of the pre-
pared Ag@PCNS/BiVOy. This study provides a new insight into the
designing of highly efficient photocatalyst based on metallic Ag, and
help for the in-depth understanding of the dual Z-scheme charge
transfer mechanism with surface plasmon resonance effect.
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