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• P/Ag/Ag2O/Ag3PO4/TiO2 film showed
great photocatalytic ability and stability.

• 107 CFU/mL of E. coli could be completely
inactivated by this film within 5 min.

• Photo-generated holes and O2•− radicals
were the major reactive species.

• This photocatalyst film could be a prom-
ising candidate for bacterial disinfection.
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TiO2-based thin films have been intensively studied in recent years to develop efficient photocatalyst films to de-
grade refractory organics and inactivate bacteria for wastewater treatment. In the present work, P/Ag/Ag2O/
Ag3PO4/TiO2 composite films on the inner-surface of glass tube were successfully prepared via sol-gel approach.
P/Ag/Ag2O/Ag3PO4/TiO2 composite films with 3 coating layers, synthesized at 400 °C for 2 h, showed the optimal
photocatalytic performance for rhodamine B (Rh B) degradation. The results indicated that degradation ratio of
RhB by P/Ag/Ag2O/Ag3PO4/TiO2 compositefilm reached 99.9% after 60min under simulated solar light,while just
67.9% of Rh Bwas degraded by pure TiO2 film. Moreover, repeatability experiments indicated that even after five
recycling runs, the photodegradation ratio of Rh B over composite film maintained at 99.9%, demonstrating its
high stability. Photocatalytic inactivation of E. coliwith initial concentration of 107 CFU/mL also showed around
100% of sterilization ratio under simulated solar light irradiation in 5min by the composite film. The radical trap-
ping experiments implied that the major active species of P/Ag/Ag2O/Ag3PO4/TiO2 composite films were photo-
generated holes and O2•− radicals. The proposed photocatalytic mechanism shows that the transfer of photo-
induced electrons and holesmay reduce the recombination efficiency of electron-hole pairs and potential photo-
decomposition of composite film, resulting in enhanced photocatalytic ability of P/Ag/Ag2O/Ag3PO4/TiO2 com-
posite films.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

As is known to all, water pollution is caused by not only the hazardous
chemicals but also pathogenic microorganisms in the world. Therefore, it
is very important to disinfect for water purification, because many water
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sources are polluted by virus, bacteria and parasitic worm (Mailler et al.,
2016; Islam et al., 2015; Sukkasi and Terdthaichairat, 2015; Guerrant
et al., 1990; Etchepare et al., 2015; Ortega-Gomez et al., 2016). However,
traditional water disinfection methods (such as chlorination and ozona-
tion) have some disadvantages due to the formation of potentially haz-
ardous disinfection byproduct (DBPs) or complicated working to an
external device (Bedner and MacCrehan, 2006; Bulloch et al., 2012;
Buth et al., 2007; Dodd and Huang, 2007). Recently, photocatalysis has
been found as an efficient technology to inactivate bacteria (Gan et al.,
2013; Zhu et al., 2012; Thanh-Dong and Lee, 2015; Yu et al., 2016;
Pham and Lee, 2015; Hossain et al., 2014;Wang et al., 2013), butmore ef-
ficient photocatalysts are much needed to develop for water purification.

In our previous study, the solar-light-driven P/Ag/Ag2O/Ag3PO4/TiO2

photocatalyst was synthesized though sol-gel method, demonstrating
extremely high photocatalytic ability and stability for rhodamine B
(Rh B, a model of organic waste) degradation under simulated solar
light (Hu et al., 2015). However, it was difficult to separate the powder
from solution after the photocatalytic reaction,which caused the lowef-
ficiency of reusability. As such, it is necessary to improve the reusability
efficiency and the possibility of practical application using the effective
route, such as coating P/Ag/Ag2O/Ag3PO4/TiO2 thin film (Lee and
Donahue, 2011; Li et al., 2015a). Surprising, there is few report ondevel-
opment of solar-light-driven photocatalyst film on the inner-surface of
glass tube for circulatory water purification and antibacterial applica-
tion. In view of this point, the current study was conducted to prepare
P/Ag/Ag2O/Ag3PO4/TiO2 composite film on the inner-surface of glass
tube in order to develop efficient approach for water purification and
disinfection. Nowadays there is no report about any investigation of
bacterial inactivation by P/Ag/Ag2O/Ag3PO4/TiO2 photocatalyst. There-
fore, it's necessary for us to study sterilization of E. coli under solar
light irradiation by using P/Ag/Ag2O/Ag3PO4/TiO2 composite film.

In this study, P/Ag/Ag2O/Ag3PO4/TiO2 composite film was firstly suc-
cessfully synthesized by sol-gel method. Then, the influence of synthesis
conditions on photocatalytic ability was explored by varying calcination
temperature, calcination time andnumber of coating layers. The structure
and optical properties of P/Ag/Ag2O/Ag3PO4/TiO2 composite films were
analyzed, and also the photocatalytic ability of this compositefilmwas in-
vestigated throughRhBdegradation and sterilization of E. coliunder solar
light irradiation, in comparison with pure TiO2 film. Further, morphology
and microstructure of E. coli before and after photocatalytic inactivation
were observed using SEM images. Finally, radical trapping experiments
were conducted to propose a possible mechanism for Rh B degradation
and sterilization of E. coli under solar light irradiation.

2. Experiment

2.1. Preparation of P/Ag/Ag2O/Ag3PO4/TiO2 thin film

All of the reagents purchased from Wako Pure Chemical Industries,
Ltdˈ Japan were of analytical purity. Tetrabutyl titanate (Ti(OC4H9)4),
ethanol, HNO3, AgNO3 and Ag3PO4 were utilized as TiO2 source, solvent,
dispersing agents and dopants, respectively. Simulated solar light was
taken as the irradiation source, and glass tubes (length: 15 cm, φ:
8 mm,Φ: 10 mm) were employed as thin film carrier.

The transparent P/Ag/Ag2O/Ag3PO4/TiO2 sol was prepared according
to our previous study (Hu et al., 2015), and then obtained solwas coated
on the inner surface of glass tubes. After coating, the films on glass tubes
were dried under 105 °C for 24 h, and then calcined at different temper-
ature ranging from 300 to 500 °C for varied time from 1 to 3 h in the
muffle furnace. To prepare 1, 2, 3 and 4-layer films, the processes of
coating and drying were repeated several times. Finally, the P/Ag/
Ag2O/Ag3PO4/TiO2 composite films were successfully synthesized.

In order to compare the antibacterial activities between different
photocatalysts, Ag, Ag3PO4, TiO2, Ag/TiO2, Ag3PO4/TiO2 and Ag/Ag3PO4

thin films were prepared as controls by the same method. During the
synthesis of Ag, Ag3PO4 and TiO2 films, there was just addition of
AgNO3, Ag3PO4 and tetrabutyl titanate, respectively. For synthesis of
Ag/TiO2, Ag3PO4/TiO2 and Ag/Ag3PO4 films, Ag3PO4, AgNO3 or TiO2

were not added, respectively. Certainly, the molar ratio of Ti to Ag was
the same as that in P/Ag/Ag2O/Ag3PO4/TiO2. After the same heat treat-
ments, Ag, Ag3PO4, TiO2, Ag/TiO2, Ag3PO4/TiO2 and Ag/Ag3PO4 thin
films were successfully prepared.

2.2. Analytical techniques

The photocatalytic degradation of Rh B was carried out under simu-
lated solar lamp (XC-100, SERIC., Ltd.), and the concentration of Rh B so-
lution was measured by a Shimadzu UV-1600 spectrophotometer. X-ray
diffraction (XRD) patterns of thin films were characterized by using a
Rigaku Altima III Rint-2000 X-ray diffractometer equipped with Cu Kα
radiation (λ = 1.54178 Ǻ). X-ray photoelectron spectra (XPS) were re-
corded using a Thermo VG Theta Probe (Thermo Fisher SCIENTIFIC),
and all of the binding energies were calibrated to the C 1s peak at
284.6 eV. Scanning electron microscopy (SEM, Hitachi FE-SEM S-4800
EDX) was utilized to observe the morphology of thin films. UV–vis dif-
fuse reflectance spectra of different samples were recorded in the
range of 200–800 nm on a Shimadzu UV-3100PC Scan UV–vis-NIR spec-
trometer. The roughness of composite filmwasmeasured by AFM (MFP-
3D-BIO, Oxford Instruments plc). The leakage of Ag+ was measured by
using a Leeman Prodigy Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES, SPS3520UV-DD) system (SII Nano Technology
Inc., Tokyo, Japan).

2.3. Photocatalytic reaction

The photoreaction system consisted of the glass tubes coated thin
film, the rotary orbital shaker and simulated solar lamp, with the glass
tubes fastened on the shaker. Photocatalytic degradation of Rh B was
conducted through glass tubes coated thin films under simulated solar
light with 50 mW/cm2 light intensity, and the initial concentration of
Rh B solution was 2 mg/L. The Rh B solution was collected at irradiation
time intervals of 30 min, and analyzed to evaluate the concentration of
Rh B by a spectrophotometer at a wavelength of 554 nm which corre-
sponds to the maximum absorption wavelength of Rh B molecule.

2.4. Antibacterial activity tests

In this study, XM-G agar medium and Nutrient broth (Japan, BD)
were used to isolate and culture the E. coli. Phosphate-buffered saline
(PBS) (Wako, Japan) was utilized as carrier liquid in this study.

After isolated fromMatsumi Lake (University of Tsukuba), E. coliwas
cultured and added into PBS with initial concentration of 107 CFU/mL.
50 mL of bacterial liquid was prepared in a beaker which was covered
with para-film and used as a supply tank. Then liquid was circulated
continuously through the composite film coated glass tube by pump
at the flow rate of 24 mL/min. The film coated glass tube with 50.2
cm2 of reaction surface was irradiated under the simulated solar light
with intensity of 50 mW/cm2. The schematic diagram and the parame-
ters of this tubular cyclic system were shown in Fig. S1.

2.5. Radical trapping experiment

Radical-trapping experiments were conducted to investigate the
major active species during the photocatalytic degradation of Rh B
over P/Ag/Ag2O/Ag3PO4/TiO2 composite films. Benzoquinone, ethylene-
diaminetetraacetate (EDTA) and tBuOH were used as the superoxide
anion radical scavenger, hole scavenger and hydroxyl radical scavenger,
respectively. Prior to experiments, 1mM scavengerwas added into Rh B
solution, and followed by dark condition to reach the adsorption-
desorption equilibrium. After irradiation by simulated solar light, the so-
lutionwas collected at given time intervals, and the concentration of Rh
B was measured by a spectrophotometer.
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3. Results and discussion

3.1. Optimization of experimental conditions for P/Ag/Ag2O/Ag3PO4/TiO2

composite film

To investigate optimal calcination conditions for preparing P/Ag/
Ag2O/Ag3PO4/TiO2 composite film, the influences of calcination temper-
ature, calcination time and coating layers were taken into consideration
on photocatalytic ability as shown in Fig. 1. Firstly, P/Ag/Ag2O/Ag3PO4/
TiO2 composite films were prepared under calcination varying from
300 °C to 500 °C for 2 h, respectively, and Rh B molecule was chosen
as the model pollutant to evaluate the photocatalytic activities of
composite films under simulated solar light (50 mW/cm2 illumination
intensity). It can be found that photocatalytic activitieswere significant-
ly influenced by calcination temperature. The Rh B degradation efficien-
cy of P/Ag/Ag2O/Ag3PO4/TiO2 composite film increased from 83.9% to
99.9% with calcination temperature increased from 300 to 400 °C
(Fig. 1a1). Then degradation ratio reached the maximum at 400 °C,
while it largely decreased to 82.1% with temperature further increased
Fig. 1. Influences of calcination temperature, calcination time and coating layers on (a1–3) pho
Ag3PO4/TiO2 composite films, respectively.
to 500 °C. This resultwasmainly caused by the changes of crystal phases
(Shang et al., 2011; Peng et al., 2015). The XRD patterns of as-prepared
films (400 °C and 500 °C) were well in accord with anatase (JCPDS file
no.00-021-1272). It can be found (Fig. 1b1) that the anatase phase ap-
peared and increases once the calcination temperature increase from
300 °C to 400 °C, resulting in the increase photocatalytic performance.
However, more rutile phase is transferred from anatase phase under
temperature higher than 400 °C, leading to the decrease of photocata-
lytic ability, because anatase phase has higher photocatalytic activity
than rutile phase (Peng et al., 2015; Carp et al., 2004; Mandal and
Bhattacharyya, 2012). Meanwhile, the peak of metallic Ag (JCPDS file
no.01-071-3762) was observed at 400 °C, which proved the existence
of metallic Ag in the composite film. However, the main diffraction
peak of Ag at 38.2° was not independently observed due to the signifi-
cant overlap with the peak at 37.8° ascribed to the (004) plane of ana-
tase TiO2 (Aazam, 2014). Stronger peaks at 37.8°, 44.3° and
64.5°ascribed to the (110), (200) and (220) planes of metallic silver at
500 °C resulted from higher crystallinity of Ag nanoparticles (Kuo
et al., 2016). Apart from XRD result, the strongest light absorption
tocatalytic Rh B degradation, (b1–3) XRD patterns and (c1–3) UV–vis spectra of P/Ag/Ag2O/



Fig. 2. (a) Repetitive performance of P/Ag/Ag2O/Ag3PO4/TiO2 composite films for Rh B
degradation; (b) XRD patterns of P/Ag/Ag2O/Ag3PO4/TiO2 composite films before and
after photocatalytic reaction.
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band around 450–800 nm at 400 °C (Fig. 1c1) also contributed to its
highest photocatalytic ability, compared with 300 °C and 500 °C. It
should be noted that the composite film (500 °C) exhibited a single ab-
sorption peak centered at 400 nm in Fig. 1c1, due to the surface plasmon
resonance (SPR) of Ag nanoparticles (Akhavan, 2009; Zhu et al., 2015;
Leong et al., 2014), which agreed well with XRD results.

The effects of calcination time on photocatalytic activity were fur-
ther investigated by the composite films, which were calcinated under
the optimal calcination temperature of 400 °C for 1, 2 and 3 h, respec-
tively. The results demonstrated that the removal efficiency reached
highest via films calcinated for 2 h (Fig. 1a2), which mainly due to the
varied content of anatase and metallic silver. As shown in Fig. 1b2, the
stronger intensity of anatase in 2-h than 1-h XRD pattern demonstrated
more content of anatase phase,which could lead to higher photocatalyt-
ic ability. However, 3-h calcination did not causemuch higher photocat-
alytic activity, maybe because more content of silver could provide
more recombination sites for photogenerated electrons and holes
(Mohamed and Al-Sharif, 2013; Hájková et al., 2014), inhibiting the
generation of active free radicals. Besides, 2-h composite film showed
the highest light absorption in the range of 300–800 nm (Fig. 1c2).
These results indicated that appropriate calcination for P/Ag/Ag2O/
Ag3PO4/TiO2 composite film was 400 °C for 2 h.

In addition, coating layers of films affected its photocatalytic perfor-
mance, and the resultswere shown in Fig. 1a3–c3. It could be seen that 3-
layer film showed the highest Rh B degradation performance, in com-
parison with 1-layer, 2-layer and 4-layer films, which may be ascribed
to the appropriate thickness of film on the inner surface of glass tubes.
XRDpatterns proved that 1-layerfilm showed lower intensity compared
to other films. Besides, 1-layer and 2-layer films obviously exhibited
lower UV–vis spectra in comparison with 3-layer and 4-layer films,
due to their thinner thickness. As widely recognized, during photocata-
lytic reaction, Rh B molecules were firstly adsorbed on the solid-liquid
inter-surface of films, meanwhile the photocatalyst film was under
light irradiation, so the Rh B molecule could be degraded by photo-
induced free radicals (Dong et al., 2010; Li et al., 2013; Teng et al.,
2012). Although 4-layer film with large thickness could provide suffi-
cient sites for adsorbing Rh B molecular, thicker film could block the
light irradiation, which may be the reasons that 3-layer film exhibited
the greatest photodegradation performance.

3.2. Comparison of as-prepared TiO2 and P/Ag/Ag2O/Ag3PO4/TiO2 composite
films and repetitive experiments

The P/Ag/Ag2O/Ag3PO4/TiO2 composite films were prepared under
optimal condition. According to SEM results (Fig. S2), composite film
coated on glass is not continuous after calcination at 400 °C for 2 h.
However, this composite film after calcination showed the highest pho-
tocatalytic efficiency. Therefore, discontinues photocatalyst film still has
exactly high photocatalytic activity. It could be clearly observed in
Fig. S3 that many particles have been successfully located on the surface
of TiO2, indicating P/Ag/Ag2O/Ag3PO4/TiO2 compositefilm has been suc-
cessfully prepared. Besides, thickness, roughness and mass of
immobilized catalyst have also been investigated, respectively. The re-
sults indicated that thickness of composite film (Fig. S4) was about
405 ± 6 nm, and its roughness was 70.833 nm measured by AFM.
Mass of immobilized catalyst was 0.13 g/tube. Compared with pure
TiO2 films, the prepared P/Ag/Ag2O/Ag3PO4/TiO2 composite films
showed enhanced photocatalytic degradation efficiency (Fig. S5a). Rh
B molecule was almost completely degraded by the P/Ag/Ag2O/
Ag3PO4/TiO2 composite film after 60 min irradiation. However, only
69.7% of Rh B molecules were removed over pure TiO2 films. The en-
hanced photocatalytic abilities of P/Ag/Ag2O/Ag3PO4/TiO2 composite
films mainly owe to much higher absorption in the range from
300 nm to 800 nmas shown in Fig. S5b, compared to TiO2 films. This en-
hanced absorption ismainly due to the introduction ofmetallic Ag, Ag2O
and Ag3PO4 semiconductors (Viana et al., 2013; Li et al., 2014; Bu et al.,
2015). All ofmetallic Ag, Ag2O and Ag3PO4 semiconductors can be excit-
ed by visible light and the band gap of Ag2O and Ag3PO4 are 1.2 eV and
2.5 eV, respectively (Wang et al., 2011; Cao et al., 2012). Moreover, the
band gap of P/Ag/Ag2O/Ag3PO4/TiO2 composite was calculated about
2.2 eV in our previous study (Hu et al., 2015), which is much smaller
than that of pure TiO2 (3.2 eV) (Savio et al., 2016). More importantly,
surface plasmon resonance (SPR) of metallic Ag has reportedly been in-
vestigated affecting the light absorption, and resulting in the strong ab-
sorption band from 400 nm to 800 nm (Kamimura et al., 2016).
Furthermore, the crystallite size of P/Ag/Ag2O/Ag3PO4/TiO2 composite
film (4.8 nm) calculated by Halder-Wagner method was smaller than
pure TiO2 film (5.8 nm), which may be the one of reasons for its good
photocatalytic ability, because smaller crystallite size usually results
from the transformation of rutile phase to anatase phase (Xin et al.,
2015; Šuligoj et al., 2016). P/Ag/Ag2O/Ag3PO4/TiO2 composite films
also had rougher surfaces than pure TiO2 films as shown in Fig. S3.
Therefore, stronger absorption in visible light region, smaller band gap
and smaller crystallite size could contribute to its improved photocata-
lytic ability compared to pure TiO2 films.

Furthermore, we conducted the repeatability experiments through
Rh B degradation to evaluate the photocatalytic stability of P/Ag/Ag2O/
Ag3PO4/TiO2 composite films, and the results were shown in Fig. 2a. It
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could be found that after five recycling runs, the photodegradation ratio
of Rh B over P/Ag/Ag2O/Ag3PO4/TiO2 composite film was still at 99.9%,
indicating its exactly high photocatalytic stability. Also, XRD patterns
(Fig. 2b) showed that there were almost no changes between P/Ag/
Ag2O/Ag3PO4/TiO2 compositefilms before and after photocatalytic reac-
tion. After five-circle photocatalytic reaction, P/Ag/Ag2O/Ag3PO4/TiO2

composite film still exhibited clear and strong peaks at 25.28°, 37.80°
and 48.05°, which are ascribed to (101), (112) and (200) planes of ana-
tase phase, respectively (Sofianou et al., 2015;Wang et al., 2016). Equal-
ly importantly, there was almost no Ag+ leaked from P/Ag/Ag2O/
Ag3PO4/TiO2 composite film after 90 min irradiation (not shown). All
of these results demonstrated that P/Ag/Ag2O/Ag3PO4/TiO2 composite
film possess exactly high photocatalytic stability, which is in favor of
its practical application in wastewater treatment.

3.3. Chemical composition of P/Ag/Ag2O/Ag3PO4/TiO2 thin films

To analyze the surface element composition and chemical state for
P/Ag/Ag2O/Ag3PO4/TiO2 composite film, X-ray photoelectron spectra
(XPS) was used and the results were shown in Fig. 3. It could be found
in Ag 3d XPS spectra (Fig. 3a) that the peaks located at 373.5 eV and
367.5 eV are ascribed to the Ag 3d3/2 and Ag 3d5/2 binding energies,
each of which could be further divided into two peaks at 373.5 eV,
374.4 eV and 367.5 eV, 368.4 eV, respectively (Tian et al., 2012; Guo
et al., 2013). The peaks at 374.4 eV and 368.4 eV are assigned tometallic
Ag0, while those at 373.5 eV and 367.5 eV are attributed to the Ag+. The
broad O 1s region of P/Ag/Ag2O/Ag3PO4/TiO2 was fitted by four peaks
(Fig. 3b). The major peak at 530.2 eV is attributed to lattice oxygen
(Ti\\O),while the peaks at 532.0 eV and 534.0 eV correspond to oxygen
of surface OH bound in\\Ti(OH)\\O\\Ti(OH)\\and oxygen of water
molecules, respectively (Akhavan, 2009). Besides, the peaks located at
529.3 eV (Fig. 3b) proved the existence of Ag2O in composite film,
which was in accord with our previous study (Hu et al., 2015). Interest-
ingly, Ag2O also has high photocatalytic activity under visible light, and
the introduction of Ag2O could improve the photocatalytic ability for
this composite film (Yu et al., 2005). As can be seen from Fig. 3c that
the peak centered at 133.4 eV belongs to P 2p, which demonstrated
phosphorus existed in a pentavalent-oxidation state (P5+) (Méndez
et al., 2005). According to our previous TEM analysis (Hu et al., 2015),
Ag3PO4 also was successfully formed in the composite during the calci-
nation. Therefore, this composite thin film consisted of nonmetal P, me-
tallic Ag, Ag2O, Ag3PO4 and TiO2. This composite film could have
enhanced photocatalytic ability, because all of Ag, Ag2O and Ag3PO4

have good ability under visible light.

3.4. Photocatalytic inactivation of E. coli by thin film coated tubular cyclic
system

P/Ag/Ag2O/Ag3PO4/TiO2 composite film coated tubular cyclic system
was developed as the reactor system for E. coli inactivation (Fig. S1).
Fig. 3. (a) Ag 3d, (b) O 1s and (c) P 2p X-ray photoelectron
E. coli inactivation by photocatalyst composite films with and without
irradiation was shown in Fig. 4 using tubular cyclic system. The results
showed that almost 100% of E. coli with initial concentration of 107

CFU/mL was damaged by P/Ag/Ag2O/Ag3PO4/TiO2 composite film in
only about 5 min of irradiation, while it took 10 min in dark condition.
However, therewas almost no effect of pure TiO2 film on E. coli inactiva-
tion. It also can be seen from Fig. 5a that E. coli cultured without any
photocatalyst showed many colonies, and colonies of E. coli cultured
over pure TiO2 film decreased little under the solar light (Fig. 5b).
Fig. 5c illustrated the E. coli cultured on composite film in the dark,
which showed much less colonies than that cultured with pure TiO2

film under solar light. However, there was no colony observed on com-
positefilm after 5min irradiation (Fig. 5d). In conclusion, this composite
photocatalyst film showed extremely high efficiency for E. coli inactiva-
tion with andwithout light irradiation, in comparison of pure TiO2 film.
In order to compare with P/Ag/Ag2O/Ag3PO4/TiO2 composite film, Ag
film, Ag3PO4 film, Ag/TiO2 film, Ag3PO4/TiO2 film and Ag/Ag3PO4 film
were synthesized as controls. The repetitive experiments in Fig. S6 indi-
cated that P/Ag/Ag2O/Ag3PO4/TiO2 composite film still exhibited exactly
high efficiency for E.coli inactivation (initial concentration: 107 CFU/mL)
at the third cycle (5min per cycle). However, photocatalytic activities of
Ag film, Ag3PO4 film and Ag/Ag3PO4 film largely decreased after one-
cycle experiment. Although Ag/TiO2 film and Ag3PO4/TiO2 film had pho-
tocatalytic stability, their photocatalytic efficiencies for E.coli inactiva-
tion were much lower than that of P/Ag/Ag2O/Ag3PO4/TiO2 composite
film. Therefore, P/Ag/Ag2O/Ag3PO4/TiO2 composite film not only has
high photocatalytic activity, but also has remarkable photocatalytic
stability.

SEM images were used to analyze the morphology and microstruc-
ture of E. coli before and after photocatalytic inactivation (Fig. 6a–d). Be-
fore photocatalytic treatment, E. coli cell had an intact cell structure and
a smooth surface (Fig. 6a). But only after 5 min of photocatalytic inacti-
vation, the surface of the cell obviously became abnormal, and somepits
and holes can be observed on the membrane of E. coli (Fig. 6b), which
was consistent with previous results (Fig. 4). Results also showed that
E. coli was treated by P/Ag/Ag2O/Ag3PO4/TiO2 composite film for
10 min irradiation (Fig. 6c), forming bigger pits and holes in their cell
walls. Future, E. coliwas deeply damaged after 30 min of photocatalytic
inactivation with much rougher surface, and some materials inside cell
were even lost (Fig. 6d). According to reported study (Li et al., 2015b), it
was for 4 h that E. coli could be obviously damaged by g-C3N4/TiO2

under visible light. Those results indicated that P/Ag/Ag2O/Ag3PO4/
TiO2 composite film exhibited extremely high photocatalytic inactiva-
tion efficiency, and only 5 min of solar light irradiation led to the de-
struction of E. coli structure.

In this study, silver and silver salt (Ag2O and Ag3PO4) plays impor-
tant roles for enhancing photocatalytic activity (Hu et al., 2015). They
could decrease the original band gap to improve its photocatalytic effi-
ciency under visible light. However, during thephotocatalytic treatment
by some other photocatalysts doped with silver salt, the Ag+ may leak
spectra for P/Ag/Ag2O/Ag3PO4/TiO2 composite films.
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to the aqueous solution, and excess of silver ion is harmful to the health
(Ng et al., 2016).

Therefore, photocatalytic stability is also an important aspect for
practical application. In this work, the leakage of Ag+ was measured
after the photocatalytic reaction, and the leakage of silver ion from P/
Ag/Ag2O/Ag3PO4/TiO2 powder and thin film were kept in the range of
0–0.02 mg/L. Based on the safety standard value of less than 0.1 mg/L
from WHO (Wang and Lim, 2013), this composite photocatalytic
could be an appropriate candidate for practical application because it
meets the safety standard of WHO.

In order to further investigate the photocatalytic ability of this novel
composite film, photocatalytic inactivation ratio of E. coli by P/Ag/Ag2O/
Ag3PO4/TiO2 composite film was calculated in comparison of other re-
ported photocatalyst films, such as TiO2/In2O3 (Petronella et al., 2014),
PdO-TiO2 (Erkan et al., 2006) and TiO2 (Dheaya et al., 2009; Kim et al.,
2013). All of their experimental parameters were listed in Table 1. It
could be found that P/Ag/Ag2O/Ag3PO4/TiO2 composite film showed
the highest ability, and its photocatalytic inactivation ratio reached to
1.99 × 106 CFU/(cm2·min) under solar light. However, reported pure
TiO2 films showed 222 CFU/(cm2·min) (Petronella et al., 2014) and
4.66 × 105 CFU/(cm2·min) (Erkan et al., 2006) under UV light,
photocatalyst film, (b) over pure TiO2 film under solar light, (c) on P/Ag/Ag2O/Ag3PO4/TiO2

t.



Fig. 6. SEM observation of E.coli (a) before photocatalytic inactivation, (b) after 5min, (c) 10min and (d) 30min of photocatalytic inactivation by P/Ag/Ag2O/Ag3PO4/TiO2 composite film.

242 Q. Zhu et al. / Science of the Total Environment 577 (2017) 236–244
respectively. TiO2/In2O3 and PdO-TiO2 exhibited 555 and 0.08 CFU/
(cm2·min), respectively (Dheaya et al., 2009; Kim et al., 2013). There-
fore, our novel composite film showed higher efficiency more over
3000 times than reported PdO-TiO2 film under solar light irradiation.
These results concluded that as-prepared P/Ag/Ag2O/Ag3PO4/TiO2 com-
posite film exhibited the great potential for sterilization due to its low
cost, high efficiency and environment friendly. And thiswork laid an im-
portant foundation for the development and application of water puri-
fication and bacterial disinfection system.

3.5. Mechanism of photocatalytic activity for P/Ag/Ag2O/Ag3PO4/TiO2 thin
films

To understand the role of active radicals during photocatalytic pro-
cess, radical trapping experiments were performed by using P/Ag/
Ag2O/Ag3PO4/TiO2 composite films (Fig. S7) (Cao et al., 2013; Kim
et al., 2010). As can be seen, compared to the control (without scaven-
gers), Rh B degradation efficiency only decreased around 2.7% after
1 h of irradiation by injection of hydroxyl radical scavenger (1 mM
tBuOH). However, photocatalytic efficiency was largely inhibited by a
hole scavenger (1 mM EDTA), and only 40.9% Rh B molecules were
decomposed after 1 h of irradiation. The addition of superoxide anion
radical scavenger (1 mM benzoquinone) resulted in the reduction of
photocatalytic efficiency, with 73.7% degradation ratio in 1 h. These re-
sults indicated that hydroxyl radical play less important role on Rh B
Table 1
Inactivation ratio of P/Ag/Ag2O/Ag3PO4/TiO2 film compared with different photocatalyst films

Photocatalyst Initial concentration
(CFU/mL)

Solution value
(mL)

Inactivati
ratio (%)

P/Ag/Ag2O/Ag3PO4/TiO2 (solar light) 107 50 99.999
TiO2/In2O3 (solar light) 107 0.02 99.9
PdO-TiO2 (UV) 103 0.2 99.9
TiO2 (UVA) 2·103 567 99.9
TiO2 (UV) 106 3000 99.9
photocatalytic degradation, but holes and superoxide anion radicals
are the primary active species during photocatalytic process. This result
is consistent with our previous study (Hu et al., 2015).

On the basis of the above results, the photocatalyticmechanismof P/
Ag/Ag2O/Ag3PO4/TiO2 compositefilm for Rh Bdegradation and E. coli in-
activation was discussed and its illustration was shown in Fig. 7. Firstly,
Rh B molecules and E. coli cells are adsorbed on the surface of P/Ag/
Ag2O/Ag3PO4/TiO2 composite film, and then the adsorbed Rh B mole-
cules and E. coli cells are decomposed by photogenerated active species
on compositefilm surfaces. Hence, the possible pathways for generating
active species are proposed following (Huet al., 2015;Wang et al., 2011;
Cao et al., 2012; Zielinska-Jurek et al., 2011). As Ag3PO4, Ag2O and TiO2

can be excited under simulated solar light irradiation, their photo-
generated electrons are excited from valence bands to the conduction
bands, and holes stay at valence bands. Then the excited electrons on
the conduction band of Ag2O (0.2 eV vs. NHE) and Ag3PO4 (0.45 eV vs.
NHE) could flow to the Fermi level of Ag (0.99 eV vs. NHE). While
photo-generated holes at valence bands of TiO2 and Ag3PO4 could trans-
fer to Ag2O. As a consequence, this transfer of photo-generated elec-
trons and holes could decrease the possibility of their recombination,
leading to enhanced photocatalytic ability. Moreover, excitation of sur-
face plasmon resonance (SPR) from the plasmonic-metal Ag could lead
to generation of energetic electrons, which can be directly injected to
the TiO2 surface (Cao et al., 2013). Then photo-generated electrons on
the TiO2 interface could react with oxygen (O2) to generate superoxide
(Ng et al., 2016; Wang and Lim, 2013; Petronella et al., 2014; Erkan et al., 2006).

on Surface area
(cm2)

Inactivation time
(min)

Inactivation rate
(CFU/(cm2·min))

Reference

50.2 5 1.99 × 106 This study
4 90 555 (Ng et al., 2016)
19 120 0.08 (Wang and Lim, 2013)
56.72 90 222 (Petronella et al., 2014)
644.3 10 4.66 × 105 (Erkan et al., 2006)



Fig. 7. Photocatalytic mechanism of P/Ag/Ag2O/Ag3PO4/TiO2 composite film under simulated solar light. (↑: excitation of solar light; ↑: excitation of SPR; ↷: charge transfer).
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anion radicals (O2
•-). Superoxide anion radicals and generated holes can

directly decompose adsorbed Rh B molecules and E. coli cells on the
composite films, which have been proved by radial trapping
experiments.

More importantly, the high photostability of P/Ag/Ag2O/Ag3PO4/
TiO2 composite film could bewell explained by abovementionedmech-
anism. One of reasons is that Ag3PO4 can be protected from photode-
composition through transferring photo-excited electrons and holes to
Ag and Ag2O, respectively. Also, Ag could act as an electron acceptor to
hinder the recombination of electron-hole pairs of Ag2O and Ag3PO4,
enhancing the photocatalytic ability. What is more, the structure stabil-
ity of Ag2O can bewell maintained in the presence of metallic Ag by the
self-stability mechanism (Wang et al., 2011). As a consequence, the
structure stability of Ag2O and Ag3PO4 prevent the Ag+ leakage from
composite films andmaintain the structure stability of composite films.

4. Conclusions

In summary, the P/Ag/Ag2O/Ag3PO4/TiO2 composite films were suc-
cessfully prepared under optimal experimental conditions by sol-gel
method. P/Ag/Ag2O/Ag3PO4/TiO2 composite films exhibited much
higher photocatalytic ability on photocatalytic organic degradation
and sterilization than pure TiO2 films, as the composite films possessed
smaller crystallite size, smaller grain size, and stronger absorption in
visible light region.More importantly, P/Ag/Ag2O/Ag3PO4/TiO2 compos-
ite films showed consistent stability, which benefited from the charge
transfer within the composite structure and the self-stability mecha-
nism. The excellent photocatalytic performance of P/Ag/Ag2O/Ag3PO4/
TiO2 composite filmswas attributed to the synergistic effect of these fac-
tors. In comparisonwith other reported photocatalyst films, P/Ag/Ag2O/
Ag3PO4/TiO2 composite film exhibited extremely high sterilization effi-
ciency under solar light irradiation. Therefore, P/Ag/Ag2O/Ag3PO4/TiO2

composite film could be a promising candidate for its practical applica-
tions in environmental purification and sterilization, due to its high
photocatalytic ability and stability.
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