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A B S T R A C T

Semiconductor photocatalysis has been considered as one of the most promising technologies for the removal of
antibiotics from aqueous solutions. In this study, Ag2O/CeO2 p-n heterojuction photocatalysts were fabricated by
an in situ loading Ag2CO3 on CeO2 spindles and subsequent via a thermal decomposition process. The Ag2O/
CeO2 composites exhibited enhanced photocatalytic activity for the photodegradation of enrofloxacin (EFA)
under visible light irradiation. A plausible degradation pathway for EFA was proposed. The Ag2O/CeO2 het-
erojuction photocatalysts exhibited the high mineralization ability towards the EFA molecule degradation based
on three-dimensional excitation–emission matrix fluorescence spectroscopy (3D EEMs) and total organic carbon
(TOC) analysis. Transient photocurrent response, PL spectrum and EIS indicate high photoinduced charge se-
paration efficiency possess in Ag2O/CeO2 composites. Active species trapping experiments and ESR technique
confirmed that h+ and %O2 were the main active groups involved in photo-degradation of organic pollutants.
Through the combination of various performance characterization and experimental results, a possible photo-
catalytic mechanism was proposed. Moreover, the energy band alignments of Ag2O/CeO2 heterostructure were
calculated, which provided strong support for the proposed mechanism. This work could provide a new ap-
proach to construct new heterojunction photocatalysts and a deeper insight for the heterojunction catalyst.

1. Introduction

The widespread usage of antibiotics has received the increasing
concern in recent years due to the enormous amounts residuals in
aquatic environments. Enrofloxacin (EFA), a common Fluoroquinolones
(FQs) antibiotic, is extensively used in human and veterinary medicine
[1]. Frustratingly, a majority of EFA was eventually discharged into
aquatic environments since only partially metabolism in human or
animal body and poor biodegradability [2]. The presence of EFA in
water even at trace level, would damage human health and aquatic
ecosystems [3]. It has been listed as an important priority contaminant
in many countries. However, traditional wastewater treatment plants
would not eliminate it effectively. In this case, various methods have
been exploited to disposal of it, such as advanced oxidation treatment
[4], photoelectron-Fenton [5] and electrochemical treatments [6].
Unfortunately, most of these methods require the utilization of unstable
and costly oxidants. Also some secondary pollutants are easy to be
formed during degradation processes [7]. Therefore, it is still highly
desired to seek an efficient, environmentally friendly approach to

remove EFA from waters.
Semiconductor photocatalysis has been considered as one of the

most promising technologies for the removal of antibiotics from aqu-
eous solutions due to their low-cost and eco-friendly approaches [8,9].
However, traditional photocatalyst TiO2 only can utilize UV light to
degrade organic pollutants, which largely limited its practical applica-
tion [10]. Researchers have been looking for new visible light driven
(VLD) photocatalysts to replace it. After the research of past few dec-
ades, a variety of visible light driven catalysts were reported, such as
C3N4 [11], BiVO4 [12], Ag3PO4 [13] and etc. In terms of various visible
light driven photocatalysts, many of them also suffer from some dis-
advantages, such as limited light absorption capacity, rapid re-
combination of electron holes and poor stability. Therefore, it is still
imminently for exploiting new photocatalysts with highly efficient
visible light driven and fast charge carrier’s separation.

Among the emerging catalysts, n-type semiconductor Ceria (CeO2)
was considered to be one of the promising catalyst materials owing to
its high catalyst activity, low cost and environmentally friendly prop-
erties [14–16]. Unfortunately, its catalytic activity is still poor due to
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fast recombination of photoinduced electron-hole pairs and limited
visible light adsorption capacity. In recent years, various strategies,
such as controlling morphologies [17], doping metals [18], and fabri-
cating heterojunctions, [19] have been employed to overcome these
drawbacks. For instance, Xu et al. was successfully prepared yttrium-
doped hedgehog-like ceria with a high photocatalytic activity by a
traditional hydrothermal process [20]. In the case of various strategies,
fabricating CeO2-based heterojunction photocatalysts have been proven
the most convenient way to improve the photocatalytic performance of
ceria, which can not only prominently enhance light absorption ability
but also promote charge separation and transfer effectively due to their
proper band-gap position and valid heterojunction [21,22]. Among, the
fabrication of CeO2-based p-n heterojunction may be a good choice
[23]. Recently, Wen et al. have reported CeO2/BiOX(X = Br, I) n-p
heterojunction displayed excellent photocatalytic performance towards
pollutants degradation under visible light [24,25]. It can be perceived
that construction of CeO2-based p-n heterojunction may be a good
strategy for exploiting new visible light driven photocatalyst.

Ag2O, an attractive p-type VLD semiconductor, has the strong ab-
sorption in the visible light region [26]. However, single Ag2O still
exhibits poor photocatalytic activity due to low quantum yield, poor
light stability and short life of charge carriers. In order to improve its
photocatalytic performance, constructing Ag2O-based p–n heterojunc-
tions has been considered a good strategy, which can not only improve
the life of photogenerated charge carriers, but also can improve its light
stability [27,28]. Liang et al. have demonstrated the photocatalytic
performance of Bi2O2CO3 can be greatly enhanced by fabricating p-n
junction with Ag2O [29]. Very recently, Li and coworkers developed
Ag2O/TaON and Ag2O/Ta3N5 p–n heterojunctions photocatalysts and
they present noteworthy photoactivity for the degradation of organic
pollutants with irradiation of visible light [30,31]. Inspired by these
researches, we intend to load Ag2O nanoparticles on surface of CeO2 for
constructing a p-n junction. On the one hand, it can greatly improve the
visible light absorption capacity of CeO2; on the other sides, light sta-
bility of the Ag2O and the separation of photogenerated charge carriers
can also be promoted greatly. Therefore, it is appealing and highly
anticipated for the construction of Ag2O/CeO2 p–n heterojunction.

Herein, CeO2 was firstly prepared via urea hydrolysis and calcina-
tion. Ag2O/CeO2 p-n heterojunction photocatalysts were synthesized by
thermal decomposition process. The photocatalytic activity of the ob-
tained photocatalyst was evaluated via the photodegradation of EFA
under visible light irradiation. A plausible degradation pathway for EFA
was also proposed according to LC–MS analysis. Three-dimensional
excitation–emission matrix fluorescence spectroscopy (3D EEMs) and
TOC were used to further evaluate the mineralization ability of the
Ag2O/CeO2 composites towards the EFA degradation. The charge se-
paration and migration behaviors of the as-fabricated samples were
evacuated via photoluminescence (PL), electrochemical impedance
spectroscopy (EIS) and photocurrent tests. Mott-Schottky tests (MS)
were applied to confirm flat band potential and semiconductors types of
the pure CeO2 and Ag2O. The active species trapping experiments and
the electron spin resonance (ESR) technique were conducted for iden-
tifying reactive species participated in the photocatalytic degradation
process. Ultimately, a plausible mechanism was also proposed in detail.
Furthermore, the energy band alignments of Ag2O/CeO2 hetero-
structure were calculated to provide the evidence for the proposed
mechanism.

2. Experimental

2.1. Chemicals and reagents

Cerium nitrate hexahydrate (Ce(NO3)3•6H2O), polyvinylpyrrolidone
K30 (PVP), silver nitrate (AgNO3), sodium dodecylbenzene sulfonate
(SDBS), isopropyl alcohol (IPA), sodium oxalate (Na2C2O4), benzoqui-
none (BQ), enrofloxacin (EFA), sodium bicarbonate (NaHCO3) and Urea

were all purchased from Shanghai chemical Reagents Co., Ltd. All ul-
trapure water used in all the experiments was obtained from a Milli-Q
ultrapure (18.25 MΩ cm) system.

2.2. Synthesis of CeO2

CeO2 were prepared via urea hydrolysis and calcination according
to following procedure. 1.0 g PVP and 27.0 g of urea were added to
100 mL of 0.10 mol/L Ce(NO3)3 aqueous solution, the mixture was
stirred at 85 °C for 2 h. Then the white powder was obtained through
vacuum filtration, washed and dried. Finally, the white precipitates
were calcined at 400 °C for 2 h with a heating rate of 5 °C/min.

2.3. Fabrication of Ag2CO3/CeO2 photocatalyst

Ag2CO3/CeO2 photocatalysts were fabricated using a facile in-situ
coprecipitation method with assistant of SDBS. In brief, 0.20 g CeO2

and 0.1 g SDBS were ultrasonically dispersed in 60 mL of distilled water
to get a uniform solution A. Then 6.0 mL 0.10 M silver nitrate solution
was added dropwise to the solution A under vigorous stirring. The
mixture was further stirred for 30 min at room temperature.
Afterwards, 6.0 mL 0.10 M NaHCO3 solution was added dropwise the
above solution and stirred for 4 h in dark. Eventually, the precipitates
were collected by vacuum filtration and washed several times with
ultrapure water and alcohol. The Ag2CO3/CeO2 composites with
29.28 wt% of Ag2CO3 mass ratios (denoted as ACC-3) were obtained
after dried in a vacuum oven at 60 °C for 12 h. Similarity, by changing
the volume of AgNO3 (2.00 mL, 4.00 mL, 6.00 mL, 8.00 mL), Ag2CO3/
CeO2 composites with different Ag2CO3 mass ratios of 12.13 wt%,
21.63 wt%, 35.57 wt% (denoted as ACC-1, ACC-2 and ACC-4) were
obtained, respectively.

2.4. Fabrication of Ag2O/CeO2 photocatalyst

Ag2O/CeO2 p-n heterojunction photocatalysts were synthesized by
thermal decomposition of the as-synthesized Ag2CO3/CeO2. In brief, the
as-synthesized Ag2CO3/CeO2 sample was placed into an open crucible
and heated to 220 °C for 2 h with a heating rate of 5 °C/min. The as-
prepared ACC-1, ACC-2, ACC-3 and ACC-4 composites were calcinated
according the same process. After calcination, they were denoted as
AOC-1(with Ag2O mass ratios of 10.29 wt%), AOC-2(with Ag2O mass
ratios of 18.83 wt%), AOC-3(with Ag2O mass ratios of 25.82 wt%) and
AOC-4(with Ag2O mass ratios of 31.69 wt%), respectively. The pure
Ag2O was prepared according to the same procedure as above through
the calcination of Ag2CO3.

2.5. Characterization

X-ray diffraction (XRD) patterns were recorded on a Bruker D8
Advance instrument in 2θ range of 10–80°. The morphologies were
examined with a Zeiss Supra 55 field-emission scanning electron mi-
croscope (SEM). X-ray photoelectron spectroscopy (XPS) was performed
on a Thermo ESCALAB 250X. UV–vis diffuse reflectance spectra (DRS)
were measured on Hitachi U-4100 using with BaSO4 as a reference
material. Fluorescence spectra were monitored with a fluorescence
spectrophotometer. Three-dimensional excitation-emission matrix
fluorescence spectroscopy (3D EMMs) and the PL spectra were recorded
on FluoroMax-4 fluorescence spectrophotometer. Shimadzu Total
Organic Analyzer (TOC-L series) was used to perform TOC analysis. ICP
was conducted on an Agilent ICPOES730. The electron spin response
(ESR) signals of radicals spin-trapped by spin-trapped reagent 5, 5-di-
methyl-L-pyrroline N-oxide (DMPO) were examined on a Bruker E500
spectrometerunder under visible light irradiation (λ> 420 nm).
Electrochemical measurements were carried out via a CHI660E elec-
trochemical workstation with a standard three-electrode. The details
were provided in Supplementary Information.
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2.6. Photocatalytic activity tests

EFA was used to evaluate the photocatalytic activities of the ob-
tained samples. The visible light was emitted through a 300 W Xe lamp
(Zhong jiao jin yuan, CEL-HXF300) equipped with a UV Cut-off filter
(UVCUT420). Briefly, 50 mg catalyst was added into EFA (50 mL,
10 mg/L) solutions. Before switched on the light, the suspensions were
stirred 30 min in the dark to reach adsorption-desorption equilibrium.
In the photodegradation process, an approximately 3.0 mL suspension
was taken out and separated at given time intervals to obtain the su-
pernatant liquids. The concentration of the pollutants was measured
with a UV–vis spectrophotometer at their maximum absorption wave-
length (277 nm for EFA). Determination of the photodegradation in-
termediates of EFA was carried out on a LC–MS system. The details
were provided in Supplementary Information.

3. Results and discussion

3.1. Characterization of the obtained samples

X-ray diffraction (XRD) was implemented to investigate the crystal
structures and phase purities of CeO2, Ag2O and AOC-3 composites. The
results were depicted in Fig. 1. For pure CeO2, the main diffraction
peaks at 2θ values of 28.53°, 33.01°, 47.44°, 56.34°, 59.01°, 69.41°,
76.70° and 79.05° can be observed, which relate well with the (1 1 1),
(2 0 0), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (3 3 1),and (4 2 0) planes of the
cubic fluorite structured CeO2 crystal (JCPDS Card No:43-1002) [32].
Besides, no additional crystal phases are observed, implying the as-
synthesized CeO2 is unadulterated. In the XRD pattern of pure Ag2O,
the diffraction peaks at 26.73°, 32.90°, 38.28°, 55.16°, 65.70° and
68.92° can be indexed to the (1 1 0), (1 1 1), (2 0 0), (2 2 0), (3 3 1) and
(2 2 2) planes of the cubic phase of Ag2O (JCPDS Card No: 65-6811)
[33]. With respect to the AOC-3 samples, the typical diffraction peaks of
CeO2 and Ag2O could be observed obviously. Some peaks of Ag2O are
not obvious and weak, which is probably attributed to the low content
of Ag2O and shading effect of the CeO2. The above results demonstrate
that the Ag2O/CeO2 composites are obtained, and the crystalline phase
of CeO2 is not severely affected after the loading of Ag2O.

The morphology and size of the as-prepared samples were char-
acterized using SEM (Fig. 2). From the images in Fig. 2a,b, it can ob-
serve that the pristine CeO2 reveals a spindles structure. After dec-
orating with Ag2O, it can clearly see that Ag2O nanoparticles anchored
on the surface of CeO2 intimately, which is conducive to the formation
of heterojunction between CeO2 and Ag2O. Moreover, TEM instrument

was used to further confirm the heterojunction in Ag2O/CeO2 compo-
sites. From Fig. 2e, it can be seen that some spherical nanoparticles are
formed on the surface of CeO2. As for Fig. 2f, it is clear that the inter-
planar distances 0.312 nm and 0.191 nm corresponding to the (1 1 1)
and (2 2 0) plane of CeO2 respectively. The spacing with 0.274 and
0.236 nm correlated with the (1 1 1) and (2 0 0) plane of Ag2O.
Moreover, the distinct interface between CeO2 and Ag2O would con-
tribute to the separation of the photo-excited charge carriers. On the
basis of the above results, it can be inferred that Ag2O/CeO2 hetero-
junction photocatalysts have been successfully prepared.

Additionally, SEM-EDS technique was performed to reveal the ele-
mental distribution of the AOC-3 composite. Fig. 3 presented the SEM
image and corresponding element mapping images. As presented in
Fig. 3, the elements of Ce, O and Ag distributed uniformly within the
composites, suggesting that the Ag2O are successfully loaded on the
surface of CeO2. Besides, the EDX spectrum of the AOC-3 composite
(Fig. 3e) further proved the presence of Ce, O, and Ag within the
composites.

The surface elemental composition and the chemical states of CeO2,
Ag2O and AOC-3 composites were investigated by XPS. The survey
spectra in Fig. 4a displayed that the CeO2 and Ag2O contain Ce, O and
Ag, O, respectively; while Ce, Ag and O can be observed in the survey
XPS spectrum of AOC-3, implying CeO2 and Ag2O coexist in the AOC-3
composites. In the Ce 3d level (Fig. 4b), six peaks can be observed, the
peaks at 882.16 eV, 888.65 eV, and 898.14 eV were assigned to Ce 3d5/
2, and the peaks centered at 900.63 eV, 907.15 eV, and 916.54 eV were
ascribed to Ce 3d3/2, indicating the main Ce4+ chemical valence in
hybrids [34]. The Ag 3d peaks at 368.10 eV and 374.22 eV can be se-
parately attributed to the Ag 3d5/2 and Ag 3d3/2 of Ag+ [24]. Mean-
while, two peaks can be observed in the O 1 s spectrum (Fig. 4d). The
peak at 529.21 eV is indexed to the Ce-O bond and Ag-O. And the other
peak is related to adsorbed oxygen and H2O [35]. Further, the Ce 3d, Ag
3d and O 1 s core level peaks of the AOC-3 show a shift after introdu-
cing Ag2O, indicating that the chemical environment has been changed.
The results of the XPS analysis illustrated Ag2O linked with CeO2 via
chemically bound interface rather than a physical contact.

To inspect the optical absorption properties of CeO2, Ag2O and
Ag2O/CeO2 composites, UV–vis diffuse reflection spectroscopy tech-
nique was used. As shown in Fig. 5, CeO2 exhibits visible light ab-
sorption with an absorption band edge at 456 nm. Pure Ag2O shows an
obvious absorption in the whole visible light region, which is in ac-
cordance with the previous reports [30]. After the attachment of Ag2O
on surface of CeO2, all composites show an enhanced absorption cap-
ability in visible light region. Moreover, the higher the amount of Ag2O
loaded, the stronger the visible light absorption exhibited. In general,
the band edge (Eg) of the semiconductor can be estimated via the fol-
lowing equation: Eg = 1240/λ [36]. Herein, λ equals the wavelength
(nm) of the absorption edge. Thus, the band gap (Eg) was estimated to
be about 2.72 eV for CeO2. Based on previous researches, the band gaps
(Eg) of Ag2O is about 1.30 eV [37].

3.2. Photocatalytic performance study

The photocatalytic performances of the as-fabricated samples were
evaluated by degradation of EFA under visible light irradiation. As
presented in Fig. 6a, the degradation of EFA is not observed in blank
experiments in the absence of photocatalyst, indicating that the direct
photolysis of EFA can be ignored. The removal of EFA for pure Ag2O
was 42.95% within 120 min, while there was almost no degradation for
pure CeO2 under the same condition. As expected, all the Ag2O/CeO2

heterojunction photocatalysts display higher photocatalytic activity
than the single-component samples. The removal efficiencies of EFA are
about 11.71%, 42.95%, 65.19%, 78.21%, 87.11%, 71.18% for CeO2,
Ag2O, AOC-1, AOC-2, AOC-3 and AOC-4, respectively. Obviously, AOC-
3 exhibited the highest degradation efficiency towards EFA degrada-
tion. The loading amount of Ag2O in Ag2O/CeO2 composites plays aFig. 1. XRD patterns of CeO2, Ag2O and AOC-3 composites.
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significant impact on their photocatalytic performances. Note that the
photocatalytic activity enhanced when the content of Ag2O increased
from 10.29 to 25.82 wt%. This can be attributed to the fact that the
increase of the amount of Ag2O (less than 25.82 wt%) may form more
active sites in this system, which would enhance the photocatalytic
activity of the catalysts. When the loading amount of Ag2O is over
25.82 wt%, a shading effect and aggregation of Ag2O nanoparticles
would gradually emerge, which could restrict the photocatalytic

performance. Fig. S1 shows the changes of the UV-spectra of EFA
during the photodegradation process. The typical absorption peak of
EFA gradually decreased as the irradiation time prolonging. After
120 min of visible light irradiation, it became almost disappeared,
suggesting that most of the EFA can be degraded.

The photodegradation of EFA process was fitted using a following
pseudo-first-order kinetic model: ln(Ct/C0) = −kt (where Ct and C0 are
organic pollutants concentration at each given time and t = 0,

Fig. 2. (a-b) Typical SEM images of CeO2; (c-d) AOC-3 samples; (e) TEM image of AOC-3; (f) HRTEM image of AOC-3.

Fig. 3. SEM-EDS elemental mapping images of AOC-3 composite.
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Fig. 4. XPS spectra of CeO2, Ag2O and AOC-3 sample: (a) survey spectrum, (b) Ce 3d, (c) Ag 3d, (d) O 1s.

Fig. 5. UV–vis DRS spectra of CeO2, Ag2O and Ag2O/CeO2 com-
posites.
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respectively. And the rate constant k is the slope of the corresponding
fitting curves, t represents the reaction time.)[38] As shown in Fig. 6b,
the fitting curves of EFA photocatalytic degradation are accorded with
the first-order reaction dynamics. The reaction rate constant (k) of the
as-obtained samples was listed in Table 1. Undoubtedly, AOC-3 dis-
played the highest rate constant (0.01467 min−1) and that is 3.5 times
higher than that of pure Ag2O.

3.3. Possible degradation pathway of EFA

A typical chromatogram towards EFA degradation aqueous solution
at 0 min and 80 min of irradiation in presence of AOC-3 was shown in
Fig. S2. Obviously, only a typical ions spectra was detected at
RT=6.44 min in EFA original solution. The m/z is 360.2, which is
consistent with the molecular weight of EFA with a positive ion model,
indicating the typical ions spectra ascribed to the EFA molecules. After
80 min visible light irradiation, different ions spectra were detected.
The different ions spectra attribute to the formation of different inter-
mediate products. These intermediate products are identified by LC–MS
technique and their information is listed in Table S1. All MS spectra of
the EFA and possible intermediates were displayed in Fig. S3.

According to the identified intermediate products and the related
literatures, the possible photocatalytic degradation pathways of EFA are
proposed and shown in Scheme 1. Possible three main pathways were
presented as follows: Pathway I is mainly the loss of piperazinyl group.
Firstly, the piperazine ring was oxidized and opened to form the com-
pound EFA 1. Subsequently, the compound EFA 1 loses two eCO group
and changed to the EFA 4. EFA 4 was further oxidized and produced
EFA 5. EFA 5 can further transfer to EFA 6 by losing eCO group. EFA 6
was further transformed EFA 7 by decarboxylation. Ultimately, the
piperazinyl substituent of EFA was completely destroyed. This pathway
is similar with the previous reports [39–41]. Pathway II mainly includes

the open of quinolone moieties, benzene ring and the loss of the pi-
perazinyl substituent. Under the action of hydrolysis, the fluorine atom
in EFA was substituted with a hydroxyl group and formed the com-
pound EFA 8. Because of the strong oxidizing capacity of the reactive
groups, the quinolone and benzene rings would be destroyed in suc-
cession and generated the compound EFA 9-EFA 13 in turn. EFA 13
could form simpler compound EFA 14 though removal of piperazinyl
moieties. A similar pathway has been present in norfloxacin degrada-
tion by Ding et al. [42] Thus, the structure of the EFA was destroyed.
Pathway III is mainly hydrolysis. The fluorine atom in EFA was firstly
substituted with a hydroxyl group and formed EFA 8. EFA 8 can be
further hydrolyzed and changed to EFA 15-17. This pathway has been
reported in photocatalytic degradation of CIP [4]. Because of the
structure of EFA 17 is instable, Then, the quinolone ring broke and
formed EFA 18. Additionally, EFA 7, EFA 14 and EFA 18 can also un-
dergo a series of reactions such as the cleavage of quinolone and/or
piperazine rings, hydroxylation, decarboxylation, and are finally mi-
neralized to CO2, H2O, NO3

− and F− [6,43]. Herein, we cannot present
this part of the degradation route. Because different radicals may be
involved the degradation route and we can continue to study in later
studies. This hypothesis can be concluded from the high TOC removal
discussed latter.

3.4. Evaluations of mineralization activity towards EFA degradation

In addition to assess the photocatalytic degradation ability of the
obtained samples, the mineralization degree of catalysts towards or-
ganic contaminants is also worth to investigate. Fig. S4 showed the
change of the total organic carbon (TOC) in degradation process. For
bare CeO2, TOC in the solution keep almost unchanged within 160 min,
indicating that EFA was not degraded, which in accordance with the
photodegradation results. In terms of the pure Ag2O and the Ag2O/
CeO2 composites, TOC in the solution lower in varying degrees with the
prolongation of degradation time. The mineralization activity was sig-
nificantly slower in comparison with degradation rate. It mainly as-
cribed to the generation of intermediate products. As the lighting time
is extended from 120 to 160 min, TOC in the solution can continue to
decrease, indicating the intermediate products can also be further mi-
neralized. The removal rate of TOC reached up to 66.82% within the
160 min in presence of the AOC-3. Additionally, 3D EEMs could also
monitor the EFA degradation and mineralization ability to a certain
extent. Fluoroquinolones (FQs) can produce fluorescence due to their
conjugated heterocycle structure [44]. As shown in Fig. 7a, the EFA
solution mainly contain two kinds of fluorescence peaks at Ex/

Fig. 6. (a) Photocatalytic degradation EFA curves; (b) Kinetic curves of EFA degradation.

Table 1
Pseudo-first-order rate constants (k) and correlation coefficients (R2) for the degradation
EFA in different catalysts.

Samples K(min−1) R2

CeO2 0.00012 0.9828
Ag2O 0.00423 0.9758
AOC-1 0.00763 0.9899
AOC-2 0.01143 0.9934
AOC-3

AOC-4
0.01467
0.00923

0.9732
0.9721
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Scheme 1. Suggested photocatalytic degradation pathways of EFA.

X.-J. Wen et al.



Em = 250–300/400–500 nm and Ex/Em = 300–350/400–500 nm. Ac-
cording to Chen's research results [45], the EFA can be regarded as a
humic acid-like substance. Under visible light irradiation, the peaks
disappear gradually, indicating the concentration of EFA decreases
gradually (Fig. 7b,c). The main reason may be that the conjugated
heterocycle structure of EFA or intermediate products formed in de-
gradation pathways of EFA was destroyed, which can be seen from the
LC–MS analysis. When the time of the visible light irradiation reached
to 120 min, the peaks cannot be observed (Fig. 7d), suggesting that EFA
molecules can be degraded. Therefore, 3D EEMS results further indicate
most of the EFA molecules can be removed by photocatalytic de-
gradation.

In practice, the good repeatability and stability of photocatalysts are
beneficial to reduce water treatment costs and avoid secondary pollu-
tion. We further evaluate the stability of the obtained photocatalyst by
a cycling degradation experiment. AOC-3 was chose as typical catalyst
and conducted on cycling experiment. From Fig. 8a, after four con-
secutive cycles, the photocatalytic performance of AOC-3 photocatalyst
can also be maintained at a high level, indicating the good photo-
stability of the as-prepared samples. Moreover, the XRD pattern of the
used AOC-3 after four cycles of photodegradation testing was shown in
Fig. 8b. As present in Fig. 8b, the peaks of the Ag appeared, signifying
only partial Ag NPs generated during the photogradation process. This
part of the metallic Ag can play a role of the anti-photocorrosion,
thereby improving the catalyst stability. The Ag XPS spectrum of the

AOC-3 before and after four cycle’s photoreaction is displayed in
Fig. 8c. As revealed in Fig. 8c, a slight shift can be observed after
photoreaction, which can be due to the generation of Ag. As for Fig. 8d,
the peak can be further resolved into four peaks. The peaks located at
367.90 eV, 368.30 eV, 374.00 eV and 374.35 eV match with Ag+ 3d5/2,
Ag0 3d5/2, Ag+ 3d3/2, and Ag0 3d3/2, respectively [46,47], demon-
strating that Ag occurred during the photodegradation process. In order
to further investigate the stability of the Ag2O/CeO2 composites during
the photocatalytic degradation, ICP instrument was also used to detect
the release of the Ag+ in the solution after each cycle. The results were
summarized in Table S2. It was found that the concentration of silver
ions released in the reaction is low and the concentration of silver ions
released in each cycle is almost constant. According to the reaction
condition, the amount of Ag released in solution was calculated to
about 2.0 μg, which is only a fraction of the total Ag. Thus, it can be
inferred that catalyst has good stability during the photocatalytic re-
action. Based on the above demonstrations, it can be deduced that the
Ag2O/CeO2 composites possess excellent photocatalytic performance,
as well as good stability.

3.5. Photocatalytic mechanism study

The main active species formed in the photocatalytic degradation
process were determined for investigating photocatalytic mechanism.
Scavengers (Na2C2O2, BQ and IPA) were separately added to capture

Fig. 7. Three-dimensional excitation-emission matrix fluorescence spectra (3D EEMs) of the EFA solution after visible light irradiation durations of 0 min, 40 min, 80 min and 120 min.
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holes, %O2
− and %OH [48,49]. As presented in Fig. 9a, the degradation

efficiency was significantly reduced from 87.11% to 48.19% and
64.24% in the presence of BQ and Na2C2O2, indicating that %O2

− and
h+ play a dominant role in decomposition process of EFA. Note that
there is slightly decrease in the degradation rate of EFA with the in-
troduction of IPA, suggesting that %OH is not a major active species in
the degradation process. Moreover, after bubbling nitrogen to remove
oxygen in solution, the degradation efficiency dramatically decreases to
41.23%, illuminating that the oxygen dissolved in solution plays an
important role in the generation of active species.

Electron spin resonance (ESR) instrument was implemented to de-
tect the generation of %O2

− and %OH in the presence of AOC-3 com-
posites. As displayed in Fig. 9c, when the samples exposed to visible
light, six typical signals were detected in methanol solution, while no
signal could be observed in dark, indicating that %O2

− was formed in
this process. Meantime, no obvious signals were collected in aqueous
even after lighting on 12 min (Fig. 9d), verifying %OH radicals is not
main active species in the photocatalysis process.

Generally, photoluminescence spectra (PL) can reflect the transfer
efficiency of the charge carriers. Commonly, the low photocatalytic
performance corresponds to the high fluorescence intensity [50].
Fig. 10 displays the PL spectra of the pure CeO2 and all the composites
with an excitation wavelength of 325 nm. It can be seen that all samples
exhibit similar shapes. However, the composites show significantly di-
minished PL intensity in comparison to pristine CeO2 sample, demon-
strating that coupling with Ag2O is favorable for the separation of

charge carriers. It should be noted that AOC-3 displays the lowest PL
intensity in all composites, implying the highest recombination rate of
photoexcited electron−hole pairs.

On the other hand, the photocurrent density can also be a valid
technique to reveal the transfer property of the photogenerated elec-
trons, meanwhile the higher photocurrent density represents higher
segregation efficiency of the photogenerated carriers [51]. The tran-
sient photocurrent intensity of the pure CeO2 and Ag2O/CeO2 compo-
sites were tested in light on/off cycles, and the results are exhibited in
Fig. 11a. As shown in Fig. 11a, all samples produce photocurrent under
visible light irradiation, indicating that they can be responded under
visible light irradiation and generated electrons and holes. Compara-
tively, AOC-3 displays the highest photocurrent intensity, confirming
the best separation efficiency of photogenerated electron–hole pairs.
Further, the electrochemical impedance spectroscopy (EIS) is im-
plemented to further quest the charge transport capability of the sam-
ples under visible light irradiation. As is well-known, the smaller arc
radius indicates a less obstruction for the transfer of electrons-holes,
meaning more efficient separation efficiency of the charge [52]. As
displayed in Fig. 11b, the radius of the sample is arranged as follows:
CeO2 > AOC–1 > AOC–4 > AOC–2 > AOC-3. Distinctly, AOC-3 is
the smallest arc radius, meaning the least resistance for charge transfer,
which is corresponding with the results of the photocurrent.

The Mott-Schottky tests were applied to confirm flat band potential
and semiconductors types of the pure CeO2 and Ag2O. The flat band
potential of the semiconductors can be ascertained using the following

Fig. 8. (a) Cycling photocatalytic test of AOC-3; (b) XRD patterns of AOC-3 before and after photocatalytic tests; (c) Ag XPS spectrum of the AOC-3before and after photoreaction; (d) Ag
XPS spectrum of the AOC-3 after photoreaction.

X.-J. Wen et al.



equation [53]:

⎜ ⎟= ⎛
⎝

− − ⎞
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1 2
d
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2
0

In this equation, ε and ε0 are the dielectric constants of the

semiconductor and permittivity of free space, C, Nd, E, Kb, T, and q
represent the space charge capacitance, donor density, applied poten-
tial, Boltzmann’s constant, temperature, and electronic charge, respec-
tively. The Efb of CeO2 is calculated to be −0.450 V versus an Ag/AgCl
electrode (SCE), which is −0.253 eV versus a normal hydrogen elec-
trode (NHE). Additionally, CeO2 can be regarded as n-type semi-
conductors due to the positive slope of Mott–Schottky curve (Fig. 12a).
Similarly, The Efb of Ag2O is calculated to be 0.957 eV (NHE) and Ag2O
revealed the negative slope of Mott–Schottky curve (Fig. 12b), in-
dicating it is p-type semiconductors [54]. An inverted “V-shape” Mott-
Schottky curve can be observed in Fig. 12c, indicated n-p junction exists
in Ag2O/CeO2 composites [55].

Combined with the results of various characterization analysis and
photocatalytic degradation experiments, the mechanism of enhanced
photocatalytic performance over Ag2O/CeO2 under visible light irra-
diation was elucidated and shown in Scheme 2. Based on the results of
Mott–Schottky curves, the band positions of Ag2O and CeO2 before
contact are displayed in Scheme 2a. The Fermi level of Ag2O ap-
proaches to the (valence band) VB. Inversely, the Fermi level of CeO2 is
close to the (conduction band) CB. After the Ag2O contacts with CeO2

tightly, the p–n heterojunction can be formed as displayed in Scheme
2b. Then the Fermi level achieves equilibrium. Meantime, an inner
electric field will be built in the interface. Under the irradiation of
visible light, Ag2O can be excited and generate electrons and holes.
Since the CB potential of the Ag2O is more negative than that of the
CeO2, the electrons on the CB of the Ag2O can transfer to that of CeO2.

Fig. 9. (a) Photocatalytic curves of AOC-3 composites with different scavengers for the degradation of EFA; (b) The degradation values towards EFA degradation after introduction of
difference scavengers; (c) DMPO spin-trapping ESR spectra for AOC-3 in methanol dispersion for DMPO-%O2

− and (d) aqueous dispersion for DMPO-%OH.

Fig. 10. PL spectra of CeO2 and Ag2O/CeO2 composites.
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On the other side, Ag NPs can be excited to form electrons and holes
through SPR effect. The energy of excited hot electrons was between 1.0
and 4.0 eV [56,57], so that the electrons could migrate to the CB of
Ag2O. Ultimately, the electrons generated in Ag2O/CeO2 hybrids were
gathered onto the CB of the CeO2, which could further react with O2 in

the solution to produce %O2
−. The %O2

− could effectively degrade or-
ganic pollutants. In addition, a part of the holes formed in Ag2O/CeO2

composites would move to the surface of Ag2O, which can directly
degrade the EFA. Simultaneously, the stability of the Ag2O/CeO2 het-
erojunction photocatalyst could also be greatly improved due to the

Fig. 11. (a) Transient photocurrent response for the pure CeO2 and Ag2O/CeO2 heterjuction under visible light irradiation; (b) EIS Nyquist plots of the pure CeO2 and Ag2OeCeO2

hybrids.

Fig. 12. Mott−Schottky curves of CeO2, Ag2O and AOC-3.
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Scheme 2. The proposed mechanism for the enhancement of photocatalytic activity.

Fig. 13. XPS core-level and valence band spectra obtained from (a) CeO2, (b) Ag2O, (c) AOC-3.

X.-J. Wen et al.



efficiently transfer of electrons from Ag2O. In sum, by building a p-n
heterojunction in Ag2O/CeO2 composites, not only can greatly enhance
the visible light photocatalytic activity of Ag2O/CeO2 hybrids, but also
improve its stability remarkably.

The band alignment of the Ag2O/CeO2 composites is calculated for
further proving the above proposed mechanism. The band offset of
Ag2O/CeO2 heterojunction can be estimated by the method of Kraut
[58]. The core level positions and the valence band maximum (VBM)
positions of Ag2O and CeO2 were confirmed by XPS technique. The
valence-band offset (ΔEVBO) and conduction-band offset (ΔECBO) of the
Ag2O/CeO2 heterostructure were calculated using the following equa-
tion [59]:

= − − − +E E E E E EΔ ( ) ( ) ΔVBO Ce d VB Ce pure
CeO

Ag d VB Ag pure
Ag O

CL,3 , ,3 ,2 2

= − +E E E EΔ ΔCBO g
CeO

g
Ag O

VBO2 2

Herein, = −E E EΔ ( )CL Ag d Ce d,3 ,3 is the energy difference between Ag 3d
and Ce 3d core levels in the Ag2O/CeO2 heterostructure. EAg·3d and
ECe·3d are the core level binding energies of Ag and Ce elements in the
pure Ag2O and CeO2, respectively; EV%Ce and EV%Ag are the VB of the
CeO2 and Ag2O, respectively. EgAg O2 and EgCeO2 are the band gap of Ag2O
and CeO2, respectively.

As shown in Fig. 13, the VBM value for the Ag2O and CeO2 sample
was calculated to be 1.21 eV and 2.38 eV, respectively. The value be-
tween the core-level positions and VBM for CeO2 and Ag2O is 879.35
and 367.11 eV. The difference between Ce 3d and Ag 3d core levels in
the Ag2O/CeO2 heterostructure is 514.06 eV. The binding energy values
for the core-level, VBM, and band-gap energy of Ag2O, CeO2 and Ag2O/
CeO2 heterojunctions were summarized in Table 2. Base on the above
equations, the ΔEVBO and ΔECBO values for Ag2O/CeO2 heterojunctions
could be calculated to be −1.69 eV and −0.27 eV, respectively. The
negative value indicates that the CB and VB of CeO2 are lower than that
of Ag2O. The energy band alignment of the Ag2O/CeO2 heterojunction

photocatalyst is proposed in Scheme 3. The ΔECBO is the driving force
that can promote the photogenerated electrons to transfer from the
Ag2O to the CeO2; and ΔEVBO is the driving force that can promote the
photogenerated holes to transfer from the CeO2 to the Ag2O [60]. The
results of the band alignment can further confirm a p-n junction formed
between CeO2 and Ag2O.

4. Conclusion

To sum up, a novel Ag2O/CeO2 p-n junction photocatalysts were
triumphantly fabricated via an in situ loading Ag2CO3 on CeO2 spindles
and subsequent via a thermal decomposition process. The Ag2O/CeO2

composites exhibited outstanding photocatalytic activity for the pho-
todegradation of EFA under visible light irradiation. Three possible
degradation pathways of EFA were proposed based on LC–MS analysis.
The investigation of the 3D EEMs and TOC indicates high mineraliza-
tion ability towards the EFA molecule degradation in presence of Ag2O/
CeO2 composites. Transient photocurrent response, PL spectrum and
EIS indicate higher photoinduced charge separation efficiency possess
in Ag2O/CeO2 composites. Active species trapping experiments and ESR
technique confirmed that h+ and %O2

− were the main active groups
involved in photo-degradation of organic pollutants. It is expected that
the Ag2O/CeO2 composites could be used as a promising photocatalyst
for energy conversion and environmental remediation. This work could
provide a new approach to construct new p–n junction photocatalysts
and a deeper insight for the heterojunction catalyst.
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