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A B S T R A C T

Novel heterostructure photocatalysts consisted of MIL-53(Fe) and silver phosphate (Ag3PO4) were successfully
developed through a simple in situ precipitation strategy in this work. The photocatalytic activities of the as-
synthesized samples were assessed via multiple antibiotics degradation, including tetracycline (TC), oxyte-
tracycline (OTC), chlortetracycline (CTC) and deoxytetracycline (DCL). All the obtained Ag3PO4/MIL-53(Fe)
composites exhibited much more superior photocatalytic activities than pure MIL-53(Fe) and Ag3PO4.
Especially, the optimal composite with 1:3 mass ratio of Ag3PO4:MIL-53(Fe) (APM-3) displayed the best pho-
tocatalytic activity, for which the removal of antibiotics was 93.72% (TC), 90.12% (OTC), 85.54% (CTC) and
91.74% (DCL) under visible light irradiation for 1 h. The APM-3 also exhibited good photostability and re-
cyclability. Three-dimensional (3D) EEMs (excitation-emission matrix fluorescence spectroscopy) was applied to
further investigate the TC degradation process, and the TC intermediates were identified by high-performance
liquid-mass spectrometry (HPLC-MS). The possible degradation pathway for TC was also discussed. In addition,
electron spin resonance (ESR) measurement and quenching experiments verified that %O2

−, %OH and h+ radicals
all worked during the degradation process. In the end, a possible Z-scheme heterostructure model composed of
MIL-53(Fe), metallic Ag and Ag3PO4 was proposed, in which the small reducible Ag nanoparticles functioned as
a center for charge transmission. Powerful redox ability and effective separation of photoinduced carriers can be
achieved in this Z-scheme heterostructure system. The findings of this work could offer a novel way to design
MOF-based materials for remediation of contaminated water.

1. Introduction

Antibiotics have been widely used in our daily life since penicillin
was produced in 1929 [1,2]. As persistent organic pollutants, anti-
biotics are considered to be a great threat to human health and aquatic
ecosystems when entered into water body [3]. Therefore, environ-
mental pollution of antibiotics has aroused increasing attention recently
and various technique such as adsorption [4], electrochemical method
[5,6], membrane separation [7] and photocatalysis [8,9] have been
applied to eliminate it. Among these technologies, photocatalysis is
viewed as one of the most desirable strategy due to its cost-effectiveness
and high efficiency [10–12]. However, plenty of photocatalysts are
limited in practical applications due to some drawbacks, such as poor
light absorption capacity and stability, low quantum yield and rapid

recombination of photoinduced electron-hole charges [13]. Hence, it is
imperative to develop novel photocatalysts that have outstanding
visible-light absorption and superior photoactivity.

Metal-organic frameworks (MOFs), a novel type of crystalline
porous materials with high surface area, have attracted enormous at-
tention recently [14]. In MOFs, metal ions or clusters are connected
with organic ligands, and the ligand-to-metal charge transfer (LMCT)
transitions make MOFs a new class of promising photocatalysts [15].
Since MOF-5 was first reported for phenol degradation upon light ex-
citation [16], a large amount of studies have been concentrated on
MOFs as photocatalysts for water splitting [17,18], CO2 reduction
[19,20] and organic pollutants degradation [21]. MIL-53(Fe), one of
earth-abundant Fe(III)-based MOF constructed from Iron (III) chloride
hexahydrate and 1,4-benzenedicarboxylic, stands out among numerous
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MOFs due to its semiconductor properties, visible light response, low
cost and environment-friendly nature [22]. Du et al. successfully syn-
thesized MIL-53(Fe) through a simple solvothermal approach and uti-
lized it in MB removal under UV–vis and visible light illumination [23].
In Liang’s research, MIL-53(Fe) exhibited considerable photocatalytic
performance for the visible light degradation of dyes and reduction of
Cr(VI) [24]. Nevertheless, the photocatalytic performance of pristine
MIL-53(Fe) is still unsatisfied owing to the rapid recombination of
electron-hole pairs. Over the years, many attempts have been paid to
overcome the drawback. Oxidants including persulfate (PS) and hy-
drogen peroxide (H2O2) were adopted by researchers to improve the
photocatalytic activity of bare MIL-53(Fe), which could act as electron
acceptors participated in the photocatalytic system [25,26]. However,
the amount of oxidants was comparatively large and the recyclability
property of MIL-53(Fe) was likely to be influenced in most situations.
Another popular method that coupling with other semiconductors to
fabricate MIL-53(Fe)-based heterojunctions have been proved a good
strategy, which can promote charge separation and transfer effectively.
For instance, Huang et al. introduced g-C3N4 on the surface of MIL-
53(Fe) then a g-C3N4/MIL-53(Fe) heterojunction was developed, which
greatly boosted the separation of photoexcited electron-hole charges
[27]. Hu et al. also fabricated heterojunction photocatalysts based on
CdS and MIL-53(Fe), and remarkably improved photocatalytic proper-
ties were obtained [28]. For the better development and deeper in-
vestigation, it is expected that more novel MIL-53(Fe)-based hetero-
structured photocatalysts should be constructed.

Generally in the typical charge transfer heterostructure, the redox
ability of the photoinduced charges would be weakened after charge
transmission, which was unfavourable for the photocatalytic activity
[29]. Nowadays, Z-scheme heterostructure constructed by two match-
able band gap semiconductors has become a research hotspot, which
can achieve enhanced charge carriers’ separation efficiency thanks to
the internal charge transmission [30]. The stronger oxidization ability
of holes gathered on a more positive valence band (VB) as well as
powerful reduction ability of electrons accumulated on a more negative
conduction band (CB) could be utilized in the Z-scheme system.
Therefore, it is of great enthusiasm to fabricate MIL-53(Fe)-based Z-
scheme heterostructures. Accordingly, various studies had demon-
strated that coupling Ag compounds photocatalysts and other semi-
conductors with suitable band-gap is very likely to develop Z-scheme
structure, such as AgI/BiVO4 [31], AgI/Bi5O7I [32] and Ag3PO4/g-C3N4

[30].
Silver phosphate (Ag3PO4), an attractive semiconductor photo-

catalyst with high quantum efficiency under visible light irradiation,
displayed wonderful photocatalytic activity in water splitting and or-
ganic pollutant elimination [33]. Unfortunately, when Ag3PO4 was
exposed to light, the Ag+ can react with electrons then reduced into
metallic Ag, which could dramatically decrease its photocatalytic ac-
tivity. The practical application of Ag3PO4 was hindered due to severe
photocorrosion. The key to solve the problem is to transfer and separate
the photogenerated electrons and holes timely. Therefore, large
amounts of efforts have been put into improving the anti-photocorro-
sion performance of Ag3PO4, and establishing Z-scheme heterojunction
structure based on Ag3PO4 and other appropriate band-gap semi-
conductors has been proven an effective method more recently [34].
For example, Cai et al. designed a well- fabricated Z-scheme system
consisted of La, Cr-codoped SrTiO3 and Ag3PO4@RGO, both excellent
anti-photocorrosion performances and improved photoactivity realized
[35]. Interestingly, Yan et al. successfully constructed a Z-scheme het-
erostructure through combining Ag3PO4 with In2S3, where electrons
from Ag3PO4 can be transported to Ag and finally recombined with
holes from In2S3, contributing to the inhibition of the photocorrosion of
both In2S3 and Ag3PO4 [36]. However, there are no related studies
devoted to building the Z-scheme structure on the basis of MIL-53(Fe)
and Ag3PO4.

Herein, this study reported the fabrication of Ag3PO4/MIL-53(Fe)

for the first time, and Ag3PO4 nanoparticles were successfully adhered
to the surface of MIL-53(Fe) through a facile in situ precipitation ap-
proach. The photocatalytic performances of the obtained photocatalysts
were assessed towards the visible-light degradation of multiple anti-
biotics, including TC, OTC, CTC and DCL. The results demonstrated that
Ag3PO4 loading obviously enhanced the photocatalytic property of MIL-
53(Fe). The effect of initial TC concentration was taken into discussion,
and 3D EEMs was applied to make further investigation on the miner-
alization ability of the Ag3PO4/MIL-53(Fe) hybrids towards the TC
degradation. TC intermediates and the possible degradation pathways
were studied through LC-MS analysis. Moreover, the photocatalytic
stability of Ag3PO4 and APM-3 was evaluated after four successive cy-
cles. The photoinduced charge transport and separation ability of the
obtained samples was also investigated. Quenching experiments and
ESR tests were employed to identify the major active groups partici-
pated in the photodegradation reaction. Ultimately, a possible Z-
scheme model was proposed in detail.

2. Experimental section

2.1. Chemicals and reagents

FeCl3·6H2O, 1,4-benzenedicarboxylic (H2BDC), N,N-di-
methylformamide (DMF), silver nitrate(AgNO3), disodium hydrogen
phosphate (Na2HPO4), ethanol (CH3CH2OH), tetracycline (TC), deox-
ytetracycline (DCL), oxytetracycline (OTC), chlortetracycline (CTC)
were purchased from Sinopharm Chemical Reagent Co. Ltd (Shanghai,
China). All reagents and solvents used in this experiment have not been
further purified and were analytical grade.

2.2. Synthesis of MIL-53(Fe)

According to the previous report, a facile solvothermal approach
was adopted to prepare MIL-53(Fe) [37]. In a typical procedure, a
mixture of FeCl3·6H2O, H2BDC, DMF (with a molar ratio of 1:1:280)
was stirred mechanically at room temperature until it turned into a
transparent solution. Next the solution was maintained at 150 °C for
15 h after poured into a Teflon-lined stainless steel autoclave. The re-
sulting sample was collected by centrifugation after the autoclave
cooled naturally to room temperature, and washed several times with
DMF and C2H5OH, respectively. Subsequently, the product was sus-
pended in 200mL of distilled water overnight so that the guest mole-
cules in the pores could be removed. Then the collected powder was
dried in vacuum at 60 °C overnight.

2.3. Synthesis of Ag3PO4/MIL-53(Fe)

The Ag3PO4/MIL-53(Fe) hybrids were obtained through a simple
precipitation method as follows. Firstly, a given mass of MIL-53(Fe) was
dispersed into 50mL deionized water under sonication treatment for
30min. Following 0.9mmol AgNO3 was added into the above mixture
and stirred under dark condition for 30min. Next, 20mL solution
containing 0.3 mmol Na2HPO4 was added gradually, and the obtained
mixture was stirred vigorously in dark for 12 h. The resultant sample
was collected via filtration, washed with deionized water and C2H5OH,
and dried at 60 °C under vacuum. By changing the amount of MIL-
53(Fe), Ag3PO4/MIL-53(Fe) hybrids with different mass ratio
(Ag3PO4:MIL-53(Fe)= 1:1, 1:3, 1:5), denoted as APM-1, APM-3, APM-5
were obtained. Similarly, bare Ag3PO4 was obtained without the ad-
dition of MIL-53(Fe) under the same process.

2.4. Characterization

The crystalline nature of photocatalysts was confirmed by powder
X-ray diffraction (XRD) technique with a Bruker AXS D8 Advance X-ray
diffractometer in the range from 10° to 60°. Fourier transformed
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infrared (FTIR) spectra were recorded on BioRad FTS 6000 spectro-
meter. X-ray photoelectron spectra (XPS) of the samples were per-
formed on ESCALAB 250XI spectrometer (Thermo Fisher, USA). The
morphology of the samples was investigated by scanning electron mi-
croscopy (SEM, Hitachi S-4800) and transmission electron microscopy
(TEM, Tecnai G2 F20) was used to characterize the microstructures.
The Brunauer-Emmett-Teller (BET) surface area test was carried out by
a TRISTAR-3000 surface area analyzer at 77 K. The thermal decom-
position behavior of samples was tested by thermogravimetric analysis
(TGA) (TA Q500, America) with a heating rate of 10 °Cmin−1 under N2

atmosphere. The UV–vis diffuse reflectance spectra (UV–vis DRS) were
examined in a range of 200–800 nm by a UV–vis spectrophotometer
(Hitachi U-3310). 3D EEMs were performed on fluorescence spectro-
photometer (FluoroMax-4). The intermediates of TC were tested by a
LC-MS/MS system (1290/6460 Triple Quad, Agilent) and the details
were illustrated in the supplementary material. PL spectra were tested
by F-7000 fluorescence spectrometer. The electron spin resonance
(ESR) signals of radicals were examined on Bruker ER200-SRC spec-
trometer under visible light irradiation (λ > 420 nm).

2.5. Photocatalytic experiments

The photocatalytic degradation experiments were performed under
a 300W Xe lamp (CEL-HXF300, Beijing, China) with a 420 nm cutoff
filter. Briefly, 50mg photocatalyst was mixed with 100mL of TC
(20mg L−1), OTC (20mg L−1), CTC (20mg L−1), or DCL (20mg L−1).
To reach adsorption-desorption equilibrium, the solution was stirred in
dark for 1 h before illumination. During the irradiation process, 4 mL of
solution was taken out at a given time interval, then centrifuged. The
corresponding concentrations of TC, OTC, CTC, DCL were analyzed
with a Shimadzu UV–vis spectrophotometer at their characteristic wa-
velengths of 357 nm, 352 nm, 366 nm, and 346 nm, respectively.

2.6. Photo-electrochemical measurements

A typical three-electrode system based on a CHI-660D electro-
chemical workstation was employed to measure the photoelectron-
chemical characteristics of the obtained samples. The reference elec-
trode was provided by an Ag/AgCl electrode in saturated KCl solution
while the counter electrode was offered by a Pt electrode. The photo-
current tests and electrochemical impedance spectroscopy (EIS) mea-
surements were conducted based on the above three-electrode system
with Na2SO4 solution (0.2M) as electrolyte solution. A 300W Xe lamp
with a cut-off filter (λ > 420 nm) served as the light source.

3. Results and discussion

3.1. Catalyst characterization

The crystalline nature and composition of MIL-53(Fe), Ag3PO4 and
Ag3PO4/MIL-53(Fe) composites were investigated by XRD. As displayed
in Fig. 1a, the XRD pattern of bare MIL-53(Fe) was consistent with the
simulated one as well as the previous reports [38,39]. And the dif-
fraction peaks were sharp, indicating high crystallinity. The diffraction
pattern for prepared Ag3PO4 displayed nine distinct peaks at 20.9°,
29.7°, 33.3°, 36.5°, 42.5°, 47.8°, 52.6°, 55.0° and 57.3°, which can be
related to the (1 1 0), (2 0 0), (2 1 0), (2 1 1), (2 2 0), (3 1 0), (2 2 2),
(3 2 0) and (3 2 1) planes of the body-centered cubic structure of
Ag3PO4 (JCPDS No. 06-0505), respectively [29]. All the patterns of
Ag3PO4/MIL-53(Fe) hybrids exhibited the characteristic peaks of both
Ag3PO4 and MIL-53(Fe), suggesting the successful combination of
Ag3PO4 and MIL-53(Fe). Moreover, the intensities of diffraction peaks
for MIL-53(Fe) enhanced as the mass ratios increased, which was in
good accordance with the rising MIL-53(Fe) amounts in the synthesis
process. And no shift in the characteristic peak positions of MIL-53(Fe)
was observed in the patterns of Ag3PO4/MIL-53(Fe) composites,

implying that the crystal structure of MIL-53(Fe) was not destroyed by
the introduction of Ag3PO4.

FT-IR spectroscopy was applied to provide detail information of the
molecular structure and functional groups. Fig. 1b showed the FT-IR
spectra of MIL-53(Fe), Ag3PO4, and Ag3PO4/MIL-53(Fe) heterojunction
samples. Five absorption peaks located at 1691, 1573, 1388, 750,
546 cm−1 can be observed in the spectrum of MIL-53(Fe). The peak at
1691 cm−1 correspond to C]O stretching mode [25]. The absorption
bands observed at 1388 and 1573 cm−1 could be ascribed to symmetric
and asymmetric vibrations of carboxyl groups, respectively [40]. And
the absorption peak of CeH bonding vibrations in the benzene rings can
be observed at 750 cm−1 [41]. In addition, the peak at 546 cm−1 was
assigned to the stretching vibration of FeeO bonds [42]. As for the FT-
IR spectrum of pure Ag3PO4, three peaks presented at 542 cm−1,
986 cm−1 and 1074 cm−1 can be ascribed to O]PeO flexural vibra-
tions, asymmetric stretching of the PeO bonds and PeO stretching vi-
brations of PO4

3−, respectively [35,43]. The characteristic peaks of
MIL-53(Fe) and Ag3PO4 were obtained in the Ag3PO4/MIL-53(Fe) hy-
brid composites, demonstrating successful fabrication of Ag3PO4/MIL-
53(Fe) to a certain extent.

The surface composition and chemical states of APM-3 was further
investigated by XPS technique. Peaks corresponding to C, O, Fe, Ag and
P elements were displayed in the survey spectra (Fig. 2a), which was in
accord with the composition of APM-3. Moreover, Fig. S1 presented the
survey spectra of MIL-53(Fe) and Ag3PO4. The high resolution XPS C 1s

Fig. 1. (a) XRD patterns, (b) FTIR spectra of MIL-53(Fe), Ag3PO4 and Ag3PO4/
MIL-53(Fe) composites.
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spectrum in Fig. 2b could be fitted into two peaks centered at 284.8 eV
and 288.6 eV, corresponding to benzoic rings and the carboxylate
(OeC]O) groups of H2BDC, respectively [44]. In the Fe 2p XPS spec-
trum (Fig. 2c), the peak at 712.3 eV can be attributed to Fe 2p3/2 while
the peak at 726.0 eV can be assigned to Fe 2p1/2. And the peak se-
paration was approximately 13.7 eV, which was consistent with those
reported for α-Fe2O3 [45]. Besides, a satellite signal at 716.2 eV was
displayed [46]. The above results confirmed that Fe3+ existed in the
APM-3 structure. The O 1s spectrum in Fig. 2d could be divided into
two peaks. The peak at 532.0 eV was related to the oxygen components
of the H2BDC, and the other peak at 531.2 eV was indexed to the FeeO
bonds of MIL-53(Fe) and the oxygen in the Ag3PO4 crystal lattice
[36,47]. Fig. 2e showed the spectrum of Ag 3d in APM-3, where two

peaks located at 368.1 and 374.2 eV could be ascribed to Ag 3d5/2 and
Ag 3d3/2 of Ag+ in Ag3PO4, respectively [30]. No other peaks corre-
sponded to Ag0 can be found, the result confirmed that no metallic Ag
was generated in the preparation procedure of APM-3 sample. More-
over, Fig. 2f showed the P 2p spectrum with a peak at 133.6 eV, which
demonstrated that the valence state of P was +5 in the APM-3 com-
posite [48].

SEM was adopted to study the morphology and size of the as-syn-
thesized samples. As can be seen from Fig. 3a and d, MIL-53(Fe) ex-
hibited a rhombic polyhedron morphology with smooth surface, and
the length was about 3–4 μm. After decorated with Ag3PO4, the surface
of MIL-53(Fe) became coarse and some nanoparticles can be observed
on it (Fig. 3b and e). The TEM instrument was applied to assist the SEM

Fig. 2. The XPS spectra of APM-3: (a) survey spectra, (b) C 1s, (c) Fe 2p, (d) O 1s, (e) Ag 3d and (f) P 2p.
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analysis. From the Fig. 3c and f, it can be clearly seen that Ag3PO4

nanoparticles were anchored on the surface of MIL-53(Fe) intimately,
and the introduction of Ag3PO4 did not change the main morphology of
MIL-53(Fe). In addition, HRTEM image of APM-3 was also provided. As
exhibited in Fig. 3g, the lattice distance of 0.245 nm indexed to the
(2 1 1) plane of Ag3PO4 [29], demonstrating that Ag3PO4 was success-
fully decorated on the surface of MIL-53(Fe). These results were the
solid evidences for the successful construction of Ag3PO4/MIL-53(Fe)
heterojunction structure, which could promote the separation of the
photoexcited electron-hole charges to enhance the photocatalytic ac-
tivity. Moreover, the existence of C, Fe, O, Ag and P elements in the
APM-3 composite was further confirmed through the energy dispersive
X-ray spectrometry (EDX) spectrum displayed in Fig. 3h.

Fig. 4a illustrated the N2 adsorption-desorption isotherms of pure
MIL-53(Fe) and APM-3 composite and the relevant calculated para-
meters were presented in Table 1. Both of the samples were of type IV
isotherm with a type H3 hysteresis loop, indicating the existence of
mesopores. The BET surface area of MIL-53(Fe) was 8.531m2 g−1,
which was similar to the previous report [49]. Compared with pure
MIL-53(Fe), APM-3 exhibited a larger surface area (15.525m2 g−1),
pore size (6.792 nm) and pore volume (0.097 cm3 g−1). Generally, high

specific surface area was favorable for the reactants adsorption and
active sites production, which can make contribution to the photo-
catalytic performance.

In addition, the thermal decomposition behavior of the APM-3,
APM-3 collected after TC adsorption and photocatalytic degradation
process was studied by thermogravimetric analysis (TGA). As presented
in Fig. S3, the as-synthesized APM-3 had lost weight in several steps.
The weight-loss stage below 300 °C was attributed to the loss of guest
solvent molecules and water [50]. Next the sharp weight loss occurred
between 300 °C and 550 °C was caused by the elimination of the organic
ligands within the framework [51]. And the weight of APM-3 was still
decreasing above 600 °C, which was associated with the complete de-
composition of the framework [52]. As for the APM-3 collected after TC
adsorption process, three weight-loss stage between room temperature
and 600 °C was exhibited in the TG curve. At the first stage, solvents
including DMF and water were removed below 200 °C. Then an obvious
weight loss occurred between 200 °C and 320 °C, which was different
from that of APM-3. It was probably due to the decomposition of the TC
molecules adsorbed by APM-3. Previous studies also reported that TC
molecules begin to break down around 200 °C [53]. The third weight
loss at 320–600 °C was owing to the destruction of H2BDC links within

Fig. 3. (a and d) SEM images of MIL-53(Fe); (b and e) APM-3 samples; (c and f) TEM images of APM-3; (g) HRTEM image of APM-3; (h) EDX analysis of APM-3.
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the framework. Moreover, the TG curve of the APM-3 collected after
photodegradation process displayed similar trends as that of APM-3,
suggesting that TC molecules adsorbed by APM-3 had been further
photocatalytic degraded.

To analyze the absorption capability and optical bandgap of the
obtained samples, UV/vis diffuse reflectance spectrum (DRS) was used.
As presented in Fig. 4b, MIL-53(Fe), Ag3PO4 and Ag3PO4/MIL-53(Fe)
hybrids all exhibited good absorption in the visible light range. For the
spectrum of pure MIL-53(Fe), the little peak located at 445 nm could be
owing to the spin-allowed d-d transition (6A1g→

4A1g+ 4Eg(G)) in Fe
(III) [26,54]. When Ag3PO4 was introduced into the surface of MIL-
53(Fe), all hybrids displayed an enhanced absorption in the range of
480–580 nm compared with that of Ag3PO4. An optical property para-
meter to evaluate the production and transfer of photoinduced charges
was the bandgap edge (Eg) of the semiconductor, which can be calcu-
lated through the following formula:

= −α ν hν Eh A( )g
n/2 (1)

where α, h, A, ν and Eg are absorption coefficient, Plank constant, a
proportionality constant, light frequency and optical band gap, re-
spectively. And n is determined by the type of optical transition in the
semiconductor (n=4 for an indirect transition while n=1 for a direct
transition) [55]. MIL-53(Fe) belong to the direct band semiconductor,

while Ag3PO4 is regarded as an indirect transition semiconductor. The
band gap energy of the semiconductors could be obtained according to
the X-intercept of the tangent line. As depicted in Fig. 4c and Fig. 4d,
the Eg values of MIL-53(Fe) and Ag3PO4 were approximately 2.74 and
2.26 eV, respectively, the values were in good agreement with the
previous reports [55,56].

3.2. Photocatalytic activities

The photocatalytic performance of all the obtained photocatalysts
was accessed via multiple antibiotics degradation. In our experiment,
TC, OTC, CTC, DCL were selected as the target pollutants. As shown in
Fig. 5a, no obvious change of degradation efficiency can be observed in
blank experiments without photocatalyst, suggesting that the photolysis
effect of TC was negligible. Pure MIL-53(Fe) displayed poor photo-
catalytic performance, and the removal of TC was only 26.45% within
60min irradiation. Furthermore, for single Ag3PO4, it could remove
about 71.67% of TC under the identical conditions. The hybrid com-
posites showed higher photocatalytic performance compared with the
pristine samples, where the removal efficiencies of TC were about
89.95%, 93.72%, 82.06% for APM-1, APM-3, APM-5, respectively.
Obviously, the APM-3 exhibited the most superior photocatalytic per-
formance in all of the samples. The better photocatalytic activity of
Ag3PO4/MIL-53(Fe) samples should be ascribed to the forming het-
erojunction between Ag3PO4 and MIL-53(Fe), which can facilitate the
effective separation of photoinduced charge carries during the reaction
process. The loading of Ag3PO4 in Ag3PO4/MIL-53(Fe) composites may
form more active sites for photocatalytic reaction, while excessive
loading amount of Ag3PO4 might lead to an agglomeration phenom-
enon and the area exposed to the incoming light would be reduced, thus
the decreased photocatalytic efficiency was displayed. The removal of
OTC, CTC, and DCL was identical with that of TC, and the relevant

Fig. 4. (a) Nitrogen adsorption-desorption isotherm of the as-prepared MIL-53(Fe) and APM-3 composite, (b) DRS spectra of MIL-53(Fe), Ag3PO4 and Ag3PO4/MIL-
53(Fe) composites, (c and d) band gap energies of MIL-53(Fe) and Ag3PO4, respectively.

Table 1
Surface area, pore size and pore volume parameters for pure MIL-53(Fe) and
APM-3 composite.

Samples Surface area (m2 g−1) Pore size (nm) Vt (cm3 g−1)

MIL-53(Fe) 8.531 3.409 0.040
APM-3 15.525 6.792 0.097
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removal rate for different samples can be ranked as follows: MIL-
53(Fe) < Ag3PO4 < APM-5 < APM-1 < APM-3. Notably, the re-
moval of OTC, CTC and DCL by APM-3 improved 62.64% (Fig. 5b),
63.28% (Fig. 5c), and 69.40% (Fig. 5d) compared with MIL-53(Fe),
respectively. Furthermore, the photocatalytic performance of physically
mixed was also inspected. As shown in Fig. 6a, the removal of TC over
the mixture (with mass ratio of Ag3PO4:MIL-53(Fe)= 1:3) was 73.79%,
which was much lower than that of APM-3 composite. The result fur-
ther confirmed the heterojunction construction between Ag3PO4 and
MIL-53(Fe).

In practice, the concentration of pollutants may vary greatly. So, it
is worthwhile to inspect the impact of initial contaminant concentration
on the performance of photocatalysts. As presented in Fig. 6b, various
initial concentrations of TC (10, 20, 30, 40, 50 mg L−1) were provided
to evaluate the photoactivity of APM-3. Negative effect can be observed

with the increasing TC concentrations, which could be explained by the
following two aspects: (a) longer pathway for photons entering the TC
solution and fewer photons arriving at the surface of the photocatalysts
in higher concentration; (b) stronger competition between pollutants
and intermediates existed in high pollutant concentration, consequently
caused reduced contact between TC molecules and photocatalyst [31].
It is worth noting that only 15.75% reduction of TC degradation effi-
ciency was obtained, from 96.80% (10mg L−1) to 81.05% (50mg L−1),
demonstrating that APM-3 have great potential in TC or other pollu-
tants treatment even at a comparatively higher concentration.

3D EEMs can inspect the TC degradation and could reflect the mi-
neralization ability of a photocatalyst to some degree [57]. The fluor-
escence spectra parameters were shown in Table S1. As depicted in
Fig. 7a and b, no florescence signal was observed in the original solu-
tion and the solution collected after adsorption for 60min,

Fig. 5. Photocatalytic degradation of (a) TC, (b) OTC, (c) CTC, and (d) DCL by as-prepared samples under visible light irradiation.

Fig. 6. (a) Photocatalytic degradation of TC by different samples, (b) Effects of the initial concentration of TC on the photocatalytic activities in presence of APM-3.

L. Xie et al. Applied Surface Science 465 (2019) 103–115

109



demonstrating that TC molecule was not turned into other products
under dark condition. Under visible light irradiation, one fluorescence
peak centered at Ex/Em= (305–330 nm)/(430–450 nm) appeared
(Fig. 7c–f), which was a signal for TC degradation and was in agreement
with previous research reported by Chen et al. [32]. The characteristic
peak can be ascribed to the humic acids-like fluorescence region [58].
Moreover, it could be observed that the fluorescence signal increased
with the illumination time from 15min to 60min (Fig. 7c–e), sug-
gesting that TC was decomposed gradually. However, the fluorescence
intensity reduced obviously upon the illumination time reached to
120min, indicating the degradation of humic acids-like matter and
partial mineralization of TC molecules into CO2 and H2O.

High-performance liquid-mass spectrometry (HPLC-MS) was em-
ployed to identify the TC intermediates during the degradation process.
The MS spectra of main intermediates were shown in Fig. S4. The single
peak with the mass-to-charge ratio (m/z) of 445.2 can be directly ob-
served in original TC solution (Fig. S4a), and the intensity of the peak
for TC was decreased after 60min adsorption (Fig. S4b). Based on the
previous reports and the detected degradation products, the possible
degradation pathway for TC has been proposed as illustrated in Fig. 8.
Firstly, TC 1 (m/z=461) was produced through hydroxylation of TC,
while TC 2 (m/z=459) was generated by multiple hydroxylation re-
actions and the loss of water at carbon ring [58,59]. Then TC 2 was
transformed to TC 3 (m/z=362) via a deamidation process, the loss of
hydroxyl and methyl groups, and hydroxyl-substitution reaction due to
the attack of %OH radicals [60,61]. Similarly, TC 1 also can be converted
to TC 3 by a series of reactions. According to Chen’s study, TC 4(m/
z=318) was originated from the decomposition of TC 3 by the
breakage of the carboatomic ring [62]. And TC 4 can be further
transformed to TC 5 (m/z=274) via the decarboxylation process. TC 6
(m/z=261) was stemmed from TC 5 through the loss of methyl group
and hydrogenation. Afterwards, TC 6 might undergo a dehydrox-
ymethylation process to yield TC 7 (m/z=230) [63]. Furthermore, TC
8 with m/z value of 209 was also detected, which could be considered
as the opening ring product of TC 7. Finally, the intermediates were
further mineralized into CO2 and H2O. Therefore, the intermediates
during the photocatalytic degradation reaction were produced through

two main routes: the ring-opening reactions and the loss of functional
groups.

Except for the high removal efficiency, the stability and recycl-
ability properties of one photocatalyst were also significant in practical
application. Hence, the repeated experiments were performed on
Ag3PO4 and APM-3 composite for TC degradation. After each run of
photocatalytic reaction, the catalyst was gathered via filtration, wa-
shed, then dried and used again to start a new cycle. As displayed in
Fig. 9a, an obvious decrease of the TC removal efficiency was observed
for pure Ag3PO4, from 71.67% to 46.46% after four recycling runs.
However, only 8.12% degradation efficiency loss at the fourth run was
detected in the APM-3 sample, which was much less than that of
Ag3PO4 (25.21% loss). The results demonstrated that APM-3 obtained
not only much higher photocatalytic performance than pure MIL-53(Fe)
but also much higher photocatalytic degradation stability than pure
Ag3PO4. Moreover, the XRD patterns of the used Ag3PO4 and APM-3
were presented in Fig. 9b. Two new diffraction peaks located at 38.1°
and 44.3° corresponding to the (1 1 1) plane and (2 0 0) plane of me-
tallic Ag (JCPDS card no. 65-2871), respectively, were observed for
used Ag3PO4 clearly [64], while only a weak peak at 38.1° was ap-
peared in the APM-3 compared with the fresh sample and the intensity
value was much lower than that of used Ag3PO4. The result further
confirmed that metallic Ag was easily generated when Ag3PO4 was
under visible light illumination, as a result, Ag3PO4 suffered from
photocorrosion seriously, but APM-3 could avoid the photocorrosion
problem effectively to a certain extent.

3.3. Photocatalytic mechanism study

The trapping experiments have been performed to explore the
photocatalytic mechanism. In this study, %O2

−, holes and %OH were
trapped by three different scavengers, 1.4-benzoquinone (BQ), Na2C2O4

and isopropanol (IPA), respectively [65,66]. As shown in Fig. 10a,
When Na2C2O4 and BQ were added to the photocatalytic procedure, the
degradation efficiency for TC was remarkably decreased from 93.72%
to 48.46% and 64.95%, respectively, demonstrating that h+ and %O2

−

took a crucial part in the TC degradation. Besides, less decrease of TC

Fig. 7. 3D EEMs of the aqueous solution: (a) taken from the original solution; (b) collected after 60min adsorption in dark; (c–f) obtained after an irradiation time of
15, 30, 60, and 120min, respectively.
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degradation efficiency was observed by the addition of IPA, indicating
%OH was also responsible for degradation process.

To further confirm the above-obtained radicals were generated
upon visible light excitation in the presence of APM-3 composite, the
ESR spectra of free radicals and holes captured by DMPO (%O2

− and
%OH) and TEMPO (h+) were provided. As presented in Fig. 10b, four
peaks for %O2

− were detected in methanol dispersion after the light was
turned on while no signal was found in dark condition, proving that
%O2

− was generated during the reaction procedure. Simultaneously,
with the irradiation time increased, an increasing intensity for
DMPO-%O2

− signals can be obtained, indicating that more %O2
− radi-

cals were formed in the degradation system. Similarly, it can be ob-
served that the intensity of DMPO-%OH signals was increased gradually
from Fig. 10c, demonstrating that %OH radicals also existed in APM-3

reaction system. Moreover, test for photo-induced holes (h+) was also
applied. As displayed in Fig. 10d, the signal of spin-trapped TEMPO-h+

was detected in dark condition, but stronger intensity was presented
when APM-3 sample exposed to visible light, demonstrating that h+

worked in the photocatalytic process. The above results were in good
accordance with the radical trapping experiment.

Photoluminescence (PL) spectroscopy was applied to inspect the
separation efficiency of charge carriers in semiconductor photo-
catalysts. Generally, lower fluorescence intensity suggested the more
efficient charge separation [13]. Fig. 11a presented the PL spectra of
MIL-53(Fe), Ag3PO4 and APM-3 with the excitation wavelength of
437 nm. As we can see, three samples exhibit similar shapes with an
emission peak at about 482 nm. Both pure MIL-53(Fe) and Ag3PO4

obtained a high PL intensity, which was caused by the rapid

Fig. 8. Suggested pathways for the photodegradation of TC.

Fig. 9. (a) Cycling photocatalytic tests of Ag3PO4 and APM-3 for degradation of TC under visible light irradiation; (b) XRD patterns of the fresh and used Ag3PO4 and
APM-3.
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Fig. 10. (a) Photocatalytic curves of APM-3 composites with different scavengers for the degradation of TC, (b) Spin-trapping ESR spectra for APM-3 in methanol
dispersion for DMPO-%O2

−, (c) in aqueous dispersion for DMPO-%OH, (d) in aqueous dispersion for TEMPO-h+ under both the dark and visible light irradiation.

Fig. 11. (a) PL spectra, (b) Photocurrent responses, (c) EIS spectra of MIL-53(Fe), Ag3PO4 and APM-3, (d) VB-XPS spectra of MIL-53(Fe) and Ag3PO4.

L. Xie et al. Applied Surface Science 465 (2019) 103–115

112



recombination of charge pairs in the MIL-53(Fe) and Ag3PO4. Com-
paratively, APM-3 displayed the lowest PL signal, verifying that modify
MIL-53(Fe) with Ag3PO4 nanoparticle can effectively separate the
photoinduced electrons and holes pairs, which could make contribu-
tions to the higher photocatalytic performance.

To further study the charge separation and migration of pure MIL-
53(Fe), Ag3PO4 and APM-3 composite, photocurrent (PC) response tests
were carried out in visible light on and off cycles. All prepared elec-
trodes were stable and the photocurrent presented good reproduci-
bility. As displayed in Fig. 11b, nearly no signal of photocurrent re-
sponse was observed over pure MIL-53(Fe), and pure Ag3PO4 showed
weak photocurrent response under the same condition. In contrast,
APM-3 exhibited the highest photocurrent intensity, which was about
3.2 times and 34.7 times as high as that of Ag3PO4 and MIL-53(Fe),
respectively. The result inferred that APM-3 composite could generate
more charges and has the highest photoinduced charge separation ef-
ficiency.

EIS measurement was another effective strategy to reflect the charge
transport capability of photocatalyst. In general, the smaller arc radius
of the EIS Nyquist suggests a smaller charge-transfer resistance [64]. As
shown in Fig. 11c, the radius of the three samples were presented in the
following order: MIL-53(Fe) > Ag3PO4 > APM-3, demonstrating
APM-3 possessed the lowest resistance. The result was in corresponding
to the analysis of PL and PC response tests.

From Fig. 4c and d, the band gap of MIL-53(Fe) and Ag3PO4 was
calculated to be 2.74 eV and 2.26 eV, respectively. The valence band
(VB) positions of MIL-53(Fe) and Ag3PO4 were confirmed by XPS
technique. As exhibited in Fig. 11d, the EVB of MIL-53(Fe) and Ag3PO4

was determined to be 2.33 eV and 2.68 eV. Furthermore, the conduc-
tion band (ECB) of the samples could be calculated on the basis of the
following equation:

= −E E ECB VB g (2)

As a result, the corresponding ECB values of MIL-53(Fe) and Ag3PO4

were estimated to be −0.41 and +0.42 eV, respectively.
Based on the above theoretical analyses, two possible charge

transfer ways were illustrated in Fig. 12. In the traditional electron-hole
separation process (Fig. 12a), the electrons accumulated on the CB of
MIL-53(Fe) would flow into the CB of Ag3PO4 since the CB edge po-
tential of MIL-53(Fe) is more negative than that of Ag3PO4, while the
holes in the VB of Ag3PO4 will migrate to the VB of MIL-53(Fe). In this
manner, the electrons would gather to the CB of Ag3PO4 and the holes
would accumulate on the VB of MIL-53(Fe). Despite the charges looked
to be separated effectively, it was not beneficial for the electrons in
Ag3PO4 to produce %O2

− through O2 reduction because the potential of
O2/%O2

− (−0.33 eV vs NHE) was more negative than the CB edge po-
tential of Ag3PO4 (+0.42 eV) [32]. The similar problem appeared in the
holes gathered on MIL-53(Fe), which could not oxidize H2O to form
%OH because the potential of OH−/%OH (+2.40 eV vs NHE) was more
positive than the VB potential of MIL-53(Fe). The above discussion was
in contradiction with the trapping experiment. Therefore, the tradi-
tional model was not reasonable. According to the aforementioned
analysis, a possible Z-scheme mechanism for pollutants degradation
over APM-3 sample was proposed as presented in Fig. 12b. When APM-
3 composite was under visible light illumination, both the MIL-53(Fe)
and Ag3PO4 could be excited and the photogenerated electrons on their
VB can be transferred into their corresponding CB, leaving holes on
their VB at the mean time. Moreover, metallic Ag emerged on the in-
terface of MIL-53(Fe) and Ag3PO4 in the early process of visible light
illumination. Ag nanoparticles can be acted as the bridge for charge
transmission, and the Fermi level of metallic Ag is between the CB of
Ag3PO4 and the VB of MIL-53(Fe) [66]. The photo-induced electrons
accumulated on the CB of Ag3PO4 should be prone to migrate to me-
tallic Ag via the Schottky barrier, and then transferred into the VB of
MIL-53(Fe) and react with the holes there, which was more quickly
than the recombination between the electrons and holes of MIL-53(Fe)

itself. Therefore, the effective charge transfer could greatly hamper the
undesirable recombination of charge carriers in the photocatalytic
system. The strong reductive electrons accumulated on the CB of MIL-
53(Fe) and an electron-rich region could be formed, which could easily
react with O2 to generate %O2

− owing to the more negative CB edge
potential of MIL-53(Fe) than that of O2/%O2

−. Simultaneously, the holes
remaining on the VB of Ag3PO4 could produce a hole-rich region to
oxidize H2O to generate %OH or degrade the pollutants to harmless
products directly. As a result, the Z-scheme transfer system can promote
the electron-hole separation effectively, which reasonably explained
the excellent photocatalytic performance and photostability of APM-3
composite.

4. Conclusions

In this report, novel Ag3PO4/MIL-53(Fe) heterojunction hybrids
were successfully fabricated via a simple in situ precipitation method.
All the as-prepared Ag3PO4/MIL-53(Fe) composites exhibited more
excellent photocatalytic performances than that of pristine catalysts for
multiple antibiotics degradation under visible light illumination. The
APM-3 composite displayed the best photocatalytic activity, for which
the removal of antibiotics was 93.72% (TC), 90.12% (OTC), 85.54%
(CTC) and 91.74% (DCL). The results of PL spectrum, photocurrent
response test and EIS indicate that APM-3 possessed higher separation
efficiency of photogenerated charges. A possible Z-scheme mechanism
composed of MIL-53(Fe), metallic Ag and Ag3PO4 was proposed to
reasonably explain the outstanding photocatalytic performance and

Fig. 12. Photocatalytic mechanism scheme and the possible charge separation
over APM-3 composite: (a) Traditional model and (b) Z-scheme heterojunction
model.
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photostability of APM-3 composite. Furthermore, scavenger experi-
ments and ESR tests verified that the active groups worked in the
photocatalytic system were %O2

−, %OH and h+. This work could offer a
new insight to design splendid photocatalysts for environmental re-
mediation.
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