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HIGHLIGHTS

e 20-BAF possesses enhanced photo-
catalytic activity for tetracycline
degradation.

» Ag® exhibits SPR effect for enhanced
light absorption and acts as Z-scheme
bridge.

e Tetracycline was degraded into small
organic compounds or entirely
mineralized.

e The smooth transfer of interface
charges follows the Z-scheme
pathway.
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ABSTRACT

Tetracycline (TC), a widely used antibiotic, is easy to enter the aquatic ecosystem through soil erosion,
livestock manure and wastewater discharge, resulting in a series of risks. The application of Z-scheme
photocatalysts with efficient interface charge separation and transfer has been regard as an effective
strategy for antibiotic degradation. Herein, a novel ternary Z-scheme Bi2017Cl,/Ag/AgFeO, was suc-
cessfully synthesized by ultrasound-assisted ethanol reduction of Ag* on the interface of Bi;;017Cl, and
AgFeO,. The Bi2017Cly/Ag/AgFe0, Z-scheme system exhibited an enhanced photocatalytic degradation
capability for TC, which was over 6.5 times and 2.4 times higher than those of AgFeO, and Bi1,017Cly/
AgFeO, system, respectively. The photocatalytic process of TC was explored, and the results indicated
that an optimum catalyst concentration of 0.5 g L' and a primeval pH (without adjustment) favored the
degradation process, while the introduction of exogenous anions (CO3~, SO~ and NO3) and organic
matter (HA) supressed the degradation of TC. Simultaneously, the possible pathway for the degradation
process of TC was presented based on the liquid chromatography-mass spectrometry (LC-MS) analysis.
Active species trapping experiments and ESR spectra revealed the significant contribution of *O3 in the
TC degradation, and verified the Z-scheme mechanism of the Bi;;017Cl,/Ag/AgFeO, system.

© 2020 Elsevier Ltd. All rights reserved.
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Tetracycline (CyH24N20g, TC), a typical antibiotic, has been
widely applied in agriculture, animal husbandry and
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pharmaceutical industry (Wang et al., 2011). The resulting abuse of
TC causes a large amount of residues to enter the aquatic ecosystem
via the soil erosion, animal manure and wastewater effluent,
leading to a range of risks, such as the selection of resistant bacteria,
affecting the structure and activity of the microbial populations
(Zhang et al., 2015; Wang et al., 2018a). However, tetracyclines is
difficult to be removed by traditional wastewater treatment tech-
nology (prechlorination, biological treatment, adsorption, mem-
brane filtration, etc.) due to its stable molecular structure and poor
biodegradability (Kumar Ray et al., 2019; Wang et al., 2019; Ye et al.,
2019; Xing et al., 2020). Therefore, finding an effective way to
remove tetracyclines from the aqueous environment is crucial.
Recently, photocatalysis has been considered as a promising and
sustainable candidate for pollutant removal because it can degrade
and even mineralize contaminants into harmless CO; and H,O with
the simple aid of solar energy (Jiang et al., 2018; Wang et al., 2018b;
Yuetal,, 2019; Sun et al., 2020). Especially, Z-scheme photocatalytic
system has aroused great interest because it not only possess the
ability of swift photo-generated electrons and holes separation, but
also retain prominent redox capacity (Huang et al., 2019; Zeng et al.,
2019). Besides, in many Z-scheme systems, the noble metal (Pt, Au,
Ag, etc) played a tremendous part. For example, Bu et al. prepared
Z-Scheme Ag3;P04/Ag/WO03.x photocatalyst by in situ reduction
method (Bu et al, 2015). Ag nanoparticles serving as carrier-
transfer centers effectively improve the photocatalytic degrada-
tion performance of Z-Scheme AgzP04/Ag/WOs_x system. Further-
more, our previous research demonstrated that the effective
electrons transfer together with SPR effect of Ag nanoparticles
bring the enhancement of photocatalytic performance of Z-scheme
Ag,CO3/Ag/WOs3 (Yuan et al., 2017).

Delafossite oxide AgMO, (M = Fe, Co, Ni, Cr) have attracted
much attention owing to their excellent electronic structure (Song
and He, 2017). Among them, silver ferrite (AgFeO,) is easily excited
to yield photo-generated carriers under visible-light illumination
due to its narrow bandgap (Ouyang et al., 2009; Tang and Zhang,
2017a). Furthermore, its merits of non-toxic and biocompatibility
make AgFeO, a rising star in the field of photocatalysis. Yin et al.
(2016) firstly applied AgFeO, to methyl orange photodegradation
with 97% removal rate after 180 min visible light exposure (Yin
et al.,, 2016). Then, Kashyap et al. (2018) realized the 99.6%
removal of 2,4,6-trichlorophenol by polypyrrole/AgFeO, photo-
catalyst under visible light with the aid of ultrasonic bath (Kashyap
and Riaz, 2018). Many researchers were devoted to improving the
photocatalytic performance of AgFeO,. However, up to now, the
photocatalytic performance of AgFeO, without external energy is
still limited by easy agglomeration, poor sunlight utilization, swift
electron-hole pairs recombination and slow carriers transfer.
Furthermore, it is found that the Ag" in AgFeO, can easily be
reduced to Ag (Tang and Zhang, 2017b). Generally, the formation of
Ag nanoparticles on the surface of semiconductor is beneficial for
the photocatalytic performance due to its surface plasmon reso-
nance effect which can remarkably enhance the light harvesting
ability and its electron conductivity which can facilitate the sepa-
ration of photoexcited electron-hole pairs (Guo et al, 2018).
Therefore, we believed that it is a promising strategy to construct
an Ag/AgFeO; based Z-scheme system to obtain excellent photo-
catalytic effect.

Bi12017Cl; has the potential to form all-solid-state semi-
conductor-metal-semiconductor Z-scheme system with AgFeO; via
the connection of Ag nanoparticles, due to their suitable band
structures. In addition, the flaky morphology of Bi;2017Cl, is
conducive to the dispersion of AgFeO, particles, which is consid-
ered to be an ideal substrate (Zhou et al., 2018b; Wang et al.,
2020b). Lately, Bi12017Cl, has aroused a great deal of interest in
applying to environmental remediation, due to its excellent
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photophysical, chemical properties, nontoxicity and stability (Zhou
et al.,, 20183, 2018b). Thus, there are enough reasons to believe that
Bi12017Cly is an excellent candidate for improving the photo-
catalytic performance of AgFeO,.

In this work, a novel ternary Bij»017Cly/Ag/AgFeO, (BAF) Z-
Scheme heterostructure was synthesized for photodegradation of
TC under visible light illumination. Additionally, various charac-
terizations were applied to systematically explore the chemical
composition, morphology, optical and photoelectrochemical
properties of the as-prepared photocatalysts. Furthermore, the
potential impacts of environmental factors on the photocatalytic
degradation of TC was evaluated. Importantly, the TC photo-
degradation pathway and the internal mechanism of 20-BAF for
enhancing photocatalytic activity was also analyzed.

2. Experiment section
2.1. Chemicals and materials

Bi(NO3)3-5H,0, NH4Cl, AgNOs3, Fe(NO3)3-9H,0, NaOH, ethanol
and ethylene glycol (EG) were purchased from Sinopharm Chemical
Reagent Corp, P. R. China. Ultrapure (UP) water (18.25 MQ cm™!)
was used during the experimental process, obtained from Millipore
system. All chemicals were analytical grade and used without
further purification.

2.2. Synthesis of the photocatalyst

The Bi3017Cl,/AgFeO, (BF) was prepared by an in-situ deposi-
tion-precipitation method (Tang and Zhang, 2017a). Specifically, a
certain amount (19.6, 29.4, 39.2 and 49 mg) of the previously
synthesized Bii2017Cly (BOC, the detailed synthesis process was
shown in Supporting Information) was added to 15 mL of UP water
and ultrasonically dispersed for 0.5 h. Thereafter, 1 mmol
Fe(NOs3)3-9H,0 and 1 mmol AgNO3; were successively added to
above Bi12017Cly solution and stir for 30 min. Then, 5 mL of NaOH
solution (1.6 M) was added dropwise to the above suspension at the
rate of 1 mL min~! and stir for another 5 h. Subsequently, the
precipitate was collected by centrifugation, washed three times
with UP water, and dried at 60 °C overnight. The samples were
denoted as 10-BF, 15-BF, 20-BF and 25-BF when the mass ratio of
added Bi2017Cl; and AgFeO, precipitated were 10%, 15%, 20% and
25%, respectively. Besides, we determined the Bi content in the as-
prepared products by ICP-OES. It was calculated that the actual
contents of BOC in 10-BF, 15-BF, 20-BF and 25-BF were
8.6%,12.3%,15.8%,19.1% respectively. The pure AgFeO, (AFO) was
fabricated by the similar process without the addition of Bi;2017Cls.

Bi12017Cly/Ag/AgFeO, (BAF) composite was fabricated by an ul-
trasound (US)-assisted ethanol reduction method. Ultrasound is a
simple and fast method to reduce Ag* to Ag® (Eq. (4)) (Anandan and
Ashokkumar, 2009). The -OH and -H radicals formed in water vapor
under ultrasound exposure are active species for application of
reduction and oxidation (Eq. (1)) (Tang and Zhang, 2017b). Besides,
the addition of ethanol can consume oxidation radicals and pro-
mote the formation of reduction radicals (Egs. (2) and (3)) (Tang
and Zhang, 2017b). Firstly, the as-prepared BF precipitation was
collected and transferred into a 50 mL beaker with 30 mL of ab-
solute ethanol solution in it. The beaker was placed in an ultra-
sonication instrument (JP-020S, China) with an input power of
120 W at frequency of 40 kHz for 2 min. Finally, the precipitation
was washed, dried and collected. Subsequently, the resultant pre-
cipitate was centrifuged and dried at 60 °C overnight in an oven. A
series of Bij»017Cly/Ag/AgFeO, samples were synthesized by
changing the types of BF, which were denoted as 10-BAF, 15-BAF,
20-BAF and 25-BAF when the BF added in ethanol were 10-BF, 15-
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BF, 20-BF and 25-BF respectively. Meanwhile, the Ag/AgFeO, (AF)
composite was prepared by the similar method without the pres-
ence of Bi12017C12.

H,0(US) - -H + -OH (1)
CH3CH,0H + -OH — CH3CHOH + H,0 (2)
CH3CH,0H(US) — pyrolysis radicals 3)

Ag (1) + reduction radicals (-H + CH3CHOH + pyrolysis radicals) —
Ag° (4)

2.3. Experimental process and characterization

The detailed experimental operation of photocatalytic activity
analysis, cycle experiment, degradation pathways analysis, and
reactive species trapping experiments as well as characterization
method were exhibited in Supporting Information.

3. Results and discussion
3.1. Characteristics of the photocatalyst

3.1.1. Composition and morphology analysis

The XRD analysis results (Fig. 1) exhibited the crystallinity and
purity of the synthesized photocatalyst. The characteristic peaks of
AFO at 20 = 14.27°, 28.78°, 43.78°, 50.52°, 60.89° and 68.77° could
be clearly observed in BAF samples which indexed to (0 0 2),(0 0 4),
(006),(105),(110)and (114)crystal planes, respectively. Besides,
the diffraction peaks of BOC samples were inapparent in BF com-
posite and BAF samples. Only diffraction peaks at 20 = 29.20°,
32.88° corresponded to lattice plane (117) and (200) could be
found, which might be owing to the low content of BOC and the full
cladding by AFO. The presence of BOC could be also confirmed by
the results of XPS. In addition, the peaks of AFO in BF and BAF
samples obviously became weaker and broader, indicating that the
introduction of Bi12017Cl, led to a decrease in crystallinity. No im-
purity peaks were seen in the XRD patterns. Furthermore, as dis-
played in Fig. 1b, clear peaks at around 38.1° and 44.3° could be
observed in 20-BAF, while they were absent in 20-BF, proving the
formation of cubic Ag® (JCPDS 04—0783) during the ultrasonic
treatment.
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The surface elemental compositions and chemical states was
measured by the X-ray photoelectron spectrum (XPS). As shown in
Fig. 2a, the total survey XPS spectra of 20-BAF confirmed the
presence of major elements Ag, Fe, O, Bi and Cl, which was
consistent with the results of XRD and EDS. Fig. 2b showed the Ag
3d spectrum of AFO and 20-BAF in high resolution. Both AFO and
20-BAF contained two peaks at approximately 367.4 and 373.4 eV
which were assigned to the binding energies of Ag 3ds;; and Ag 3d3,
2 of Ag (I) in AgFeO,. Moreover, the 374.1 and 368.0 eV could be
attributed to Ag® on the interface between AFO and BOC (Tang and
Zhang, 2017b). According to the analysis of the peak area ratio of
Fig. 2b, the ratio of Ag* to Ag® was estimated to be 20:1. While, no
peaks ascribed to Ag® was observed in AFO. The bands at 723.8 and
710.8 eV in Fig. 2c were ascribed to Fe 2pq; and Fe 2p3); peaks,
which were accompanied by a satellite peak at 717.8 eV, demon-
strating the existence of Fe>* species in the catalysts (Yamashita
and Hayes, 2008). In Fig. 2d, the peaks at 163.7 and 158.4 eV refer
to Bi 4f5) and Bi 4f7)», respectively, which indicated the existence of

* species in 20-BAF (Zhou et al., 2018a). Besides, compared with
pure BOC, reduction of peaks intensity occurs over 20-BAF, which
indicated that the low content of BOC in 20-BAF. As for Cl 2p
(Fig. 2e), its spectrum contained two distinct peaks at 198.9 and
197.3 eV, ascribing to Cl 2pqj2 and Cl 2p3p; of CI™ ions in 20-BAF
samples, respectively (Zhou et al., 2018b). Furthermore, the offset
of binding energy of Ag, Fe, Bi and Cl in 20-BAF (Fig. 2b—e) further
confirmed that the combination between AFO and BOC affected the
electronic energy distribution (Greiner et al., 2011). Specifically, the
binding energies of Bi and Cl exhibited negative movements in 20-
BAF, while Ag and Fe showed positive shifts. The results further
illustrated the existence of a strong interaction between AFO and
BOC. Besides, the binding energy in XPS has negative correlation
with surface electron density, so these shifts reveal that electrons
migrate from AFO to BOC, which attribute to the formation of Z-
scheme heterojunction between AFO and BOC interface (Li et al.,
2020).

The morphology and compositions of AFO, BOC, and 20-BAF
were measured by SEM with the energy-dispersive spectrometry
(EDS) analysis (Fig. SM-1). Fig. SM-1a demonstrated that pure AFO
composed of spherical-like particles and exhibited serious aggre-
gation due to their high surface energy and the nature of AgFeO,
delafossite (El-Bassuony and Abdelsalam, 2018). The agglomeration
led to a decrease of reactive sites, which is unfavorable to the
photodegradation of TC. Due to its laminar atomic structures,
Bi12017Cl; underwent self-hydrolysis, nucleation, and oriented
growth to form nanosheets, which were then assembled into large
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Fig. 1. (a) XRD patterns of pristine AgFeO,, Bi;2017Cl,, Bi;2047Ci2/AgFe0O, and Bi;,047Cl,/Ag/AgFe0, composites and (b) XRD comparison chart of 20-BAF and 20-BF.
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clusters in a plane-to-plane manner, as displayed in Fig. SM-1b
(Chang et al., 2015). It is obvious that 20-BAF composites were
composed of irregular clusters formed by loading AFO particles on
BOC nanosheets skeleton (Fig. SM-1c). Meanwhile, the elemental
mappings (Fig. SM-1d—h) informed that Ag, Fe, O, Bi and CI ele-
ments evenly distributed on 20-BAF. The TEM graphics (Fig. 3)
further confirmed that AFO appears as spherical nanoparticles,
while BOC was stacked nanosheets. Besides, it was easy to observe
that the introduction of BOC mitigated the agglomeration of AFO
(Fig. 3¢). Furthermore, the HRTEM image shown in Fig. 3d exhibited
that the lattice fringes spacing of AFO is 0.242 nm, corresponding to
the (102) crystallographic plane, suggesting that there was no
change in the lattice structure of AFO after the appearance of BOC
and Ag®. Also, the observed lattice fringes of 0.306 and 0.235 nm
matched well with (117) facet of BOC and (111) facet of Ag®. Based

on the above analysis, metallic Ag and AFO were successfully
loaded on the surface of BOC to form BAF photocatalysts by the
present facile strategy.

3.1.2. Optical and electrochemical properties

UV—vis DRS with the wavelength range of 200—800 nm was
adopted to measure the optical absorption properties of AF, 20-BF,
20-BAF composites along with pure AFO and BOC. As exhibited in
Fig. 4a, the absorption edges of pure BOC and pure AFO were
located at about 520 nm and 750 nm, respectively. As for 20-BF and
AF, the absorption ability in 600 nm—800 nm region was slightly
enhanced. After the formation of Z-scheme, it could be observed
that the absorption ability of 20-BAF in 600 nm—800 nm region was
improved significantly when compared with AFO, and the ab-
sorption range of 20-BAF was extended to the entire visible light
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Fig. 3. (a—c) TEM images of AgFeO,, Bi1,01,Cl; and 20-BAF, respectively; (d) HRTEM image of 20-BAF.

region owing to surface plasmon resonance (SPR) effect induced by
Ag NPs and the formation of Z-scheme heterojunction (Liang et al.,
2011; Zhou et al.,, 2011). Moreover, the optical band gap energies
could be calculated according to the following Eq. (5):

ahv = A(hy— Eg)™2 (5)

where a, h, v, Eg, and A are the absorption coefficient, Planck’s
constant, light frequency, band gap energy, and a constant,
respectively. The n value of AFO is 1 for direct transition, which is 4
for BOC for the indirect transition (Zhou et al., 2018b; Chen et al.,
2019). According to the plots (Fig. 4b) of (ahw)? ((ahv)'/?) versus
(hv), the band gap values of AFO and BOC were determined to be
1.85 and 2.23 eV, respectively.

The separation and transfer efficiency of photoexcited carriers
were also assessed. Fig. 4c displayed the transient photocurrent
curve of pure AFO, pure BOC, AF, 20-BF and 20-BAF. The intensity of
photocurrent responses under the same experimental condition
exhibited the following order: 20-BAF > 20-BF > BOC> AF > AFO.
This phenomenon demonstrated that the presence of Ag nano-
particles played positive role in the separation of photogenerated
electron-hole pairs. Besides, the charge migration efficiency was
evaluated by EIS analysis. As can be seen from Fig. 4d, the arc radius
of 20-BAF was smaller than that of single AFO and BOC, even
smaller than that of AF and 20-BF, indicating that 20-BAF composite
exhibited the lower electron transfer resistance. The experimental

EIS data were then fitted to the equivalent circuit using Zview
software for a better understanding of the EIS measurement results.
As exhibited in Fig. 4d (inset), their R. values was calculated
as ~ 18314, 12153, and 1989 ohmega for the AFO sample, BOC
sample, and 20-BAF sample, respectively. It reflects that the charge
transfer resistance of 20-BAF is reduced by 89% and 84% compared
to AFO and BOC, respectively, which further verifies that 20-BAF
exhibits more efficient interfacial charge-carrier transfer. Further-
more, the surface recombination constants of AFO, BOC and 20-BAF
were investigated by the decay profile of OCP. The average
recombination constant was determined by equation: (E — Ep)/(Ed
—Ep)=1-exp X (Lietal, 2020). E represents OCP at any time, Ep
represents photo-stationary OCP value, and Ed represents OCP
stationary value in the dark environment, and k denotes the
pseudo-first order recombination rate constant (s~'). As presented
in Figs. 4e and 20-BAF possessed a slower transient OCP curve
compared with the AFO and BOC monomers. Specifically, the sur-
face recombination constant of 20-BAF was calculated to be 0.0031
s~1, which was 2.5 and 1.6 times smaller than AFO (0.0077 s~!) and
BOC (0.0049 s~ 1) respectively, which further proves that the con-
struction of Z-scheme heterojunction can hinder the surface
recombination of photogenerated carriers.

It can be concluded from the above analysis that the optical
absorption capacity, the lifetime of photoexcited carriers and the
separation and transfer efficiency of photogenerated electron-hole
pairs are improved significantly by constructing heterojunction
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curves after turning off the visible light (n > 420 nm).

between AFO and BOC as well as the introducing of Ag nano-
particles, which are expected for enhancing the photodegradation
performance.

3.1.3. Specific surface area analysis

Nitrogen adsorption and desorption isotherms, which combined
with BET and BJH analysis methods can obtain the specific surface
area and pore size distribution of the samples, is an important test
method for characterizing the structure of materials. The nitrogen
absorption-desorption isotherms (Fig. SM-2a) of the synthesized
samples (AFO, AF, 20-BF, 20-BAF) matched well with typical IUPAS
IV-type pattern with sharp inflection of nitrogen adsorbed volume

at high P/Pg about 0.9 (type H3 hysteresis loop), demonstrating the
existence of mesoporous structure in these samples. In addition,
the corresponding pore size distribution measurements (Fig. SM-
2b) verified that their mesoporous structure had a narrow
average pores diameter slightly larger than 2 nm. Besides, the
particular characterization results were exhibited in Table SM-1.
Compared with pure AFO (28.75 m? g~!, ¢ = 1.311), the BET surface
areas of the AF (33.55 m? g, ¢ = 0.407), 20-BF (52.76 m? g,
o = 0.774) and 20-BAF (69.50 m? g~ !, ¢ = 0.845) are significantly
enhanced, and o stands for standard deviation. The relatively high
BET surface area of 20-BAF mainly attributed to that BOC nano-
sheets played an excellent role in inhibiting the self-agglomeration
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of AFO, offering more active sites on surface exposed to TC mole-
cules. According to the above results, abundant active sites and
mesoporous structure (He et al., 2015) of the 20-BAF composite
contributed to the improvement of photocatalytic performance.

3.2. Photocatalytic degradation of TC

3.2.1. Photocatalytic activity of the prepared catalysts

The photocatalytic performance of as-prepared catalysts (AFO,
BOC, AF, 20-BF and BAF composites) was investigated by degrading
TC. Undergo adsorption-desorption equilibrium within 1 h dark
reaction, all samples were exposed to visible light. It can be seen
from Fig. 5a that the removal efficiencies of the AFO, BOC, AF, 20-BF,
10-BAF, 15-BAF, 20-BAF, and 25-BAF were 46.8%, 53.9%, 62.0%,
773%, 87.6%, 91.9%, 94.1%, and 89.6%, respectively. Obviously,
among all the BAF composites, 20-BAF presented the best perfor-
mance for the TC removal with an efficiency of 94.1% in 1h under
visible light illumination. Excessive content of BOC would further
reduce the crystallinity of AFO, thereby inhibiting the photo-
catalytic activity (Wang et al., 2016). Therefore, the photocatalytic
activity of 25-BAF was decreased, which indicated that the proper
amount of BOC was crucial. Moreover, 20-BAF had a good adsorp-
tion capacity for TC in darkness due to the enhanced BET surface
areas offering abundant active sites, which was beneficial for the
removal of TC. To shed light on the quantitative characterization of
TC photocatalytic degradation kinetics, the experimental data were
linear fitted by In(Co/C;) = kt, where Cp, C; and k represent the
concentration of TC at the adsorption—desorption equilibrium, the
TC concentration after visible light irradiation and the slope of the
corresponding fitting curves, respectively. The k denotes the
degradation rate constant can reflect the photocatalytic ability of
these as-prepared samples under visible light illumination. As
shown in Fig. 5b, the degradation rate of AF was higher than AFO,
which indicated that the loading of Ag® helped to increase the
photocatalytic activity of AFO. Besides, degradation rate constant of
20-BF was higher than that of AFO and BOC which proved that the
formation of heterojunction contributed to the improvement of
photocatalytic performance. The 20-BAF composite showed the
highest degradation rate for TC, which was 2.4, 3.7, 3.3 and 6.5
times higher than those of the 20-BF, AF, BOC and AFO, respectively.
Besides, a comparison of photocatalytic activity of 20-BAF with
other photocatalysts was exhibited in Table SM-2, which revealed
that 20-BAF has relatively excellent performance for the degrada-
tion of 40 mg L~ ! TC under visible light illumination. Furthermore,
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leaching concentration of metal ions in the treated solution is
exhibited in Table SM-3, which reflected that when tetracycline in
the solution is effectively degraded by 20-BAF, the concentration of
heavy metal ions separated from 20-BAF met the World Health
Organization standard, which would not cause secondary pollution
to the solution. Therefore, construction of heterojunctions and the
loading of Ag® not only facilitated the separation of electron-hole
pairs but also distinctly heightened the capacity of visible light
absorption, thereby contributing to the photocatalytic performance
enhancement of 20-BAF.

3.2.2. Influence factors of TC removal

The influence of photocatalysts concentration, pH value, anions
species, and humic acid (HA) concentration on the degradation of
TC were studied with the aim of making 20-BAF composites meet
the actual wastewater treatment.

Various concentrations (0.1, 0.25, 0.5, 0.75 and 1 g L) of the
photocatalyst were participated in the degradation of TC. As shown
in Fig. SM-3a, when the concentration of the 20-BAF composites
increased from 0.1 to 0.5 g L, the degradation efficiency obviously
enhanced to 87.4% from 13.4% under 60 min visible light illumi-
nation. The enhanced photocatalytic performance was mainly due
to the increase of photocatalysts providing more active sites to
generate strongly oxidized radicals for the degradation of TC.
However, further increased the catalyst concentration from 0.5 to
1 g L, the TC removal rate was slightly reduced. The results
implied that an excessive concentration of the photocatalyst led to
the enhancement of solution turbidity (Table SM-4) and agglom-
eration of catalyst thereby resulting in negative effects on TC
degradation (Xu et al., 2018a). Hence, 0.5 g L~ ! was the best catalyst
concentration for removal of TC (40 mg L™!), on the basis of
balancing the cost and removal efficiency of the photocatalyst.

It is well known that the pH value of the solution can affect the
stability and the surface charge of the catalyst as well as tetracy-
cline speciation through the protonation-deprotonation reaction
and thus affects the photocatalytic activity. The TC molecules can
form three molecular species in solution, including cationic species
(pH < 3.3), zwitterionic species (3.3 < pH < 7.68) and anionic
species (pH > 7.68) (Wang et al., 2018a). 20-BAF exhibited different
surface charge properties at different pH conditions which was
displayed in Table SM-5. Therefore, the mutual adsorption between
TC molecular and 20-BAF surface was affected by the pH of the
solution thereby affecting the photocatalytic effect. Fig. SM-3b
exhibited the removal efficiency of TC by 20-BAF at pH = 2, 3.8

K(min'l)
241 . aro 0.00593
e BOC 0.01155
204 . AF 0.01036
v 20BF 0.0163
1.64 <« 10BAF 0.02859
15BAF
1.24 ¢ 20BAF 0.03869
25BAF 0.02701
0.8 4
0.4 -
0.0 -
T T T T T T T
0 10 20 30 40 50 60
Time(min)

Fig. 5. (a) Photocatalytic degradation of TC under visible light illumination; (b) pseudo-first-order reaction kinetics.
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(control, without pH adjustment with HCl or NaOH), 5, 7, 9. When
the solution pH = 9, the degradation rate of TC was only 36%. This
poor removal effect was mainly due to the repulsive force between
the anionic species of TC and negatively charged 20-BAF compos-
ites. This meant that the adsorption of tetracycline molecules on
the surface 20-BAF was the premise of TC degradation. The
degradation efficiencies of TC increase with decreasing pH value
from 7 to 3.8. At this pH range, tetracycline molecules existed as
zwitterionic species, and 20-BF composites were positively
charged. Thus, the changes in TC degradation was not caused by
Coulombic force. As shown in Table SM-5, the zeta potential of 20-
BAF increased as the pH decreases suggesting that it had better
dispersion in low pH solution, thus TC solution had the best
removal efficiency at pH = 3.8. This implies that excellent dis-
persibility played a positive part in the degradation process of
contaminants. However, when the pH value dropped to 2, the
strong acid environment caused the decomposition of 20-BAF
(FeO3+ 4H* — Fe3*4+2H,0) resulting in the sharp decrease in the
degradation efficiency. The above analysis showed that both
weakly acidic and neutral conditions is suitable for the degradation
of TC by 20-BAF, that is, the slight fluctuation of pH would not
significantly affect the photocatalytic performance of 20-BAF,
which made it practically applicable.

Since natural water and contaminated water commonly contain
inorganic anions (CO%’, SO?{ and NO3), it is essential to system-
atically assess the effect of their existence on the TC degradation.
NayCOs3, NaSO4 and NaNOs (10 mM) were adopted to investigate
the effects of coexisting anions. As can be seen in Fig. SM-3c, CO5~
displayed suppressive effects on the photodegradation of TC in two
aspects: First, the addition of Na;COs3 increased the pH of the so-
lution, which was detrimental to TC degradation (Fig. SM-3b).
Second, CO3~ and its hydrolysate HCO3 (Eq. (6)) are generally
considered as effective hydroxyl radical (*OH) scavenger (k-opy
c03>” =3.9 x 108 M1 S™! and k+onjmcos = 8.5 x 10° M1 S71) (Egs.
(7) and (8)) (Ao et al., 2019). Besides, the produced CQ;3™ is
generally regard as less reactive radicals compared to *OH (Senobari
and Nezamzadeh-Ejhieh, 2018). Thus, CO3~ played negative roles in
photocatalytic degradation TC process. In addition, the presence of
SOZ~ was also adverse to the photodegradation of TC owning to the
capture of photoinduced holes by SO~ (Xue et al., 2018). The
inhibitory effect on TC of SO~ was also reported by Zhu et al.
(2014). Furthermore, the hole scavenging effect of NO3 (Eq. (9))
also adversely affected the degradation of TC (Hua et al., 2014;
Parrino et al., 2018). The involved reactions occurred as follows:

C0%™ + H,0 — OH™ + HCO3 (6)
HCOs3 + «OH — CO3™ + H20 (7)
CO3*+ «OH— COs™+ OH" (8)
NO3 + h* — NO3 9

In real effluents, tetracyclines usually coexist with natural dis-
solved organics. Humic acid (HA) is a typical dissolved organic
substance whose rich functional groups affect the photo-
degradation process. Fig. SM-3d illustrated that the appearance of
HA inhibited the degradation of TC, and higher concentrations of
HA exhibited stronger inhibitory effects. The following two reasons
might account for this phenomenon: (i) light shielding effect of HA:
due to the dark color of humic acid and some insoluble particles, it
would affect the incident light reaching the surface of the photo-
catalyst (Liu et al., 2018); (ii) scavenging effect of HA on reactive
oxygen species: HA can act as -OH sink, which subsequently
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decreased the degradation efficiency of TC (Wang et al., 2018a). The
similar inhibitory effect of HA was also performed on the photo-
degradation of hydroperfluorocarboxylic acids (Liu et al., 2018).

3.2.3. Reusability and possible degradation pathway

The stability of the photocatalyst is important indicators for its
application to actual water treatment. Therefore, photocatalytic
activity for six consecutive cycles was investigated and the XRD
patterns before and after the degradation experiments were
compared to assess the stability of the optimal 20-BAF. As seen in
Fig. SM-4a, the photocatalytic effect of 20-BAF was relatively stable
in the first five applications. The removal efficiency of the fifth time
was still 81%, which insinuated the superior recyclability of the
photocatalyst. However, in the sixth use, the removal efficiency was
significantly reduced, only 70%. Therefore, we think that it is better
not to use 20-BAF more than 5 times. Simultaneously, XRD patterns
(Fig. SM-4Db) illustrated that the main component of 20-BAF remain
unchanged, although the peaks of BOC and Ag became more
obvious which resulted from the photoreduction of AFO on the
surface of 20-BAF. At the same time, it could be concluded that the
photoreduction of AFO was the main reason for the decline in
photocatalytic performance after five cycles of experiments.
Furthermore, Fig. SM-4c showed that the morphology of 20-BAF
did not change significantly after visible light illumination, which
further confirmed the superior recyclability of 20-BAF.

In order to go deep into the photocatalytic degradation routes of
TC over 20-BAF composites, LC-MS technique was adopted to pre-
cisely detect the reaction intermediates formed in the photo-
catalytic degradation process, and the MS spectra were presented
in Fig. SM-5. As shown in Fig. SM-5, only the main peak with m/
z = 445.1 was identified, which was assigned to the TC molecule,
indicating that no decomposition or deterioration of TC was pro-
duced before illumination. With the increasing of illumination
time, the peak intensity of TC gradually decreased and some new
peaks of intermediates appeared obviously (Fig. SM-5b-f). The in-
termediate products in accordance with the charge-to-mass ratio
were analyzed, and probable degradation pathways of TC were
elaborated in Fig. 6. In this work, the degradation intermediate
products proposed were not completely consistent with the results
of previous reports, which might be determined by the unique
characteristic of 20-BAF.

Firstly, 20-BAF composites with high specific surface area and
abundant micropores adsorb a large number of TC molecules (m/
z = 445.1). After reaching the adsorption-desorption equilibrium,
the TC solution contained 20-BAF composites were exposed toward
visible light to produce rich -O3, h™ and -OH instantly. The active
species (*O3, h™ and *OH) excited in the photocatalytic system
would attack the double bonds, aromatic ring and amino group in
the TC degradation process, it meant that all the intermediates
were mainly produced by the ring-opening reactions or the
cleavage of the main carbon bond (He et al., 2014). Under contact
with *Oz and *OH, P1 with m/z value of 459 was generated via
addition of hydroxyl. Previous studies regarding theoretical for-
mation of TC degradation products in solution indicated that the
double bond at the Cy1,—Cq2 position of TC was the most reactive
site for oxidants to attack, and a rearrangement with the hydroxyl
at the position C12 would lead to the generation of P1 (Chen et al,,
2017). The molecular ion of m/z 459 has also been detected in
previous work of Chen et al. (2019). Then, P2 (m/z = 433) is
generated by N-dealkylation of the C4 tertiary amine site due to the
low N-C bond energy (Chen et al., 2017). Subsequently, the hydroxyl
group at the Cg position of P2 might be attacked by active species.
Cg is the most likely site for dehydration, which could lead to the
formation of a stable second aromatic ring C due to the tautome-
rization of Cy15 —Cq2 keto-enol (Liu et al., 2016). Then the electron-
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Fig. 6. Possible TC photodegradation pathway over 20-BAF.

rich double C,-C3 is easily attacked by *OH to generated P3 (m/
z = 393) (Wang et al., 2020a). In another pathway, TC molecular
firstly experiences N-dealkylation to generate P4 (m/z = 417) via
mechanisms similar to that involved in the P2. Then *OH attacked
electron-rich double C5-C3 to form P5 (m/z = 417). P3 and P5 could
further transform during photocatalytic oxidation to formation P6
(m/z = 349) via cleavage of the carboatomic ring A. The similar
mechanism of action was introduced in the generation of molecular
ion with an m/z value of 333 in the work investigated by Chen et al.
(2017). Afterwards, decarboxylation reaction occurs to form P7 and
P8 (Chen et al., 2017). Then, a ketone at C; or Cg is produced by the
attack of active radicals at the ortho (Cg) or para (Cy) positions of the
phenolic ring, and resulting in the difference in molecular structure
between P9 and P10. Simultaneously, active radicals attack C115-Cq2
double bond which is a reactive site leading to the formation of P9
and P10. The similar formation process of molecular ions of m/z 279
has also been reported in previous work of Wang et al. (2020a).
Besides, the generation of P11 is stem from the cleavage of double-
bond in aromatic ring B of P6 (He et al., 2014). Eventually, these
photoinduced intermediates can all be decomposed to carbon di-
oxide and water under the continues attack of active species.

3.3. Possible photocatalysis mechanism

When semiconductors with staggered band structure are in
contact to form heterojunction, it is necessary to examine the
charge transfer mode in the photocatalytic reaction. Usually, radical
trapping experiment is a powerful method to analyze charge
transfer pathway by the maintained strong redox ability of pho-
togenerated carriers. Because Z-scheme transfer pathway can pre-
serve and utilize the redox ability with more negative conduction
band potential and more positive valence band potential, it has
sufficient redox ability to produce reactive oxygen species when
the type-II transfer mode fails to provide the required redox ca-
pacity (Tang et al., 2020). Besides, some researchers believed that
Fermi level difference between two semiconductor photocatalysts
is the pre-requisite for inducing charge redistribution and the for-
mation of internal electric field, which significantly affect the
photogenerated charge carrier separation and transfer process (Xu
et al., 2018b; Chen et al., 2019). Thus, in our work, we firstly
determine the band structures and Fermi levels of each component
of BOC/Ag/AFO to analyze its preferred photocatalytic mechanism,
and then verify its mechanism through free radical capture exper-
iments, and ESR technology.

Firstly, the valence band (VB) and conduction band (CB)
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positions of AFO and BOC was firstly determined to investigate
photocatalytic mechanism. The flat band potential of AFO and BOC
were calculated via Mott—Schottky plots (Fig. SM-6). Mott-
Schottky plots is a primary method for determining flat band po-
tentials (Cooper, 1982). The positive slope of the linear 1/C? po-
tential curves illustrated that both AFO and BOC equipped the
typical n-type semiconductor characteristics (Yan et al., 2017).
Simultaneously, the flat band potential of AFO and BOC were
calculated to be 0.05 and —0.94 V versus Ag/AgCl electrode (SCE),
respectively. Thus, they were 0.29 and —-0.7 V versus normal
hydrogen electrode (NHE). Furthermore, the flat band potential of
an n-type semiconductor is more positive than that of CB, about 0.1.
Hence, the CB potential of AFO and BOC were determined to be 0.19
and —0.8 V vs. NHE, respectively. In addition, the band gaps of AFO
and BOC were calculated to be 1.85 and 2.23 V, respectively
(Fig. 4b). Consequently, the VB positions of AFO and BOC were 2.04
and 1.43 V, respectively.

Besides, Fermi level difference between two semiconductor
photocatalysts is the pre-requisite for inducing charge redistribu-
tion and the formation of internal electric field, which significantly
affects the photogenerated charge carrier separation and transfer
process (Xu et al., 2018b; Chen et al, 2019). In our study, the
components of Bi;3017Cl,/Ag/AgFe0, had matched Fermi energy
levels leading to the form of built-in electric fields between
Bi12017Cl; and Ag and between Ag and AgFeO, with the same
electric field direction, which favored carrier migration followed
the Z-scheme pathway. Specifically, the Fermi level for the n-type
semiconductor is equal to the flat potential (Tian et al., 2017). So,
the Fermi levels of AFO and BOC were 0.29 and —0.7 V vs. NHE,
respectively. Besides, the Fermi level of metal Ag was 0.14 V (vs.
NHE)(Shi et al., 2019). When the metal and n-type semiconductors
were in contact, the difference of Fermi levels would lead to the
transfer of free electrons between metals and semiconductor
(Zhang and Yates, 2012). Therefore, electrons would flow from BOC
to Ag® until the Fermi levels of metal and semiconductor were
aligned, causing the forming of electric field (represented by red E
in Fig. 7) and the upward bending of energy bands of BOC (Zhang
and Yates, 2012). Similarly, electric field in the same direction
would form between Ag and AFO, and the energy bands of AFO
would bend downward. Consequently, when the ternary AFO/Ag/
BOC system was under visible light illumination, photoinduced
holes in BOC and photoinduced electron in AFO would transfer to
metal Ag under the influence of the built-in electric field (repre-
sented by red E in Fig. 7) and achieved recombination finally (Li
et al., 2016), which was the preferred charge transfer mode under
the influence of the built-in electric field. The existence of built-in
electric field favored the recombination between the photo-
generated electrons in the CB of AFO and photogenerated holes in
the VB of BOC. Photocatalytic AFO/Ag/BOC system with such car-
riers’ transfer pathway is considered as Z-scheme system.

Furthermore, radical trapping experiments was performed to
verify the above conjecture. The results of radical trapping exper-
iments (Fig. SM-7a-b) showed that after the addition of benzo-
quinone (BQ, a typical superoxide radical scavenger) only 11.1% of
TC was degraded which can infer that *O3 played dominated roles
during TC degradation. However, if a conventional heterojunction
was constructed between AFO, Ag and BOC (the upper side of
Fig. 7), electrons would assembled in the CB of AFO which did not
have sufficient reductive ability to generate *O3, as CB potential
(0.19 V) of AFO was less negative than the redox potential of 0;/*02
(—=0.033 V vs NHE) (Chen et al., 2019). Therefore, only when the
photoexcited electrons migrate according to the Z-scheme pathway
(the down side of Fig. 7), can they have sufficient reductive ability
to generate enough superoxide radicals to play a predominant role
in the degradation of TC. Besides, ESR technology also clearly
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detected the generation of superoxide radicals under visible light
illumination (Fig. SM-7c), which further supported the above re-
sults. Besides, the hydroxyl radicals (Fig. SM-9d) generated in the
photocatalytic system were stem from the reaction of *O3 radicals
on the CB of BOC with H rather than hole oxidation because the VB
edge potential of AFO (2.023 V) was less positive than that of OH™/
*OH (+2.4 V vs NHE).

Based on the above experimental results and analysis, the
photocatalytic reaction mechanism for the 20-BAF was proposed
and exhibited in the down side of Fig. 7. Under the illumination of
visible light, narrow band gap semiconductors AFO and BOC were
induced to produce photoexcited electron-hole pairs. Then, elec-
trons in the CB of AFO shifted to electron-shuttle mediators (Ag
nanoparticles), followed by recombination with the equivalent
holes generated on the VB of BOC. As a result, the electrons in the
CB of BOC could be retain to reduce the absorbed oxygen to produce
reactive *O3 which could further react with surface absorbed H to
generate *OH radicals or directly oxidize TC molecules. Meanwhile,
the photogenerated holes with high oxidizing abilities in the VB of
AFO could effectively play a part in the degradation process of TC
molecules. Moreover, after Ag nanoparticles were introduced into
the photocatalytic system, the light absorption ability of photo-
catalysts, the surface electron stimulation as well as the interfacial
electron migration were boosted (Yuan et al., 2017). All of the above
related reactions were summarized as follows:

AgFeO; + hv — AgFeO, (h*/e™) (10)
Bi12017Cly + hy — Bipz017Cly (h*/e™) (11)
Ag + hv — Ag®(e™) (SPR) (12)
e (BOC) + 05, — 03 (13)
-05(BOC) + H* — *OH (14)
h*[OH [07 +TC— degraded products (15)

Overall, the formation of Z-scheme heterojunction which not
only promoted the separation and transfer of the photogenerated
charge carriers, but also retained the strong reduction and oxida-
tion capability. In addition, the SPR effect of Ag nanoparticles could
enhance light absorption ability and broaden the light absorption
range to the whole visible light. Therefore, 20-BAF possessed the
significantly improved photocatalytic activity for TC removal.

4. Conclusions

In conclusion, a series of Bij2017Cl>/Ag/AgFeO, Z-scheme pho-
tocatalysts were successfully synthesized and characterized. The
optimal Bij2017Cl;/Ag/AgFeO, composites with 20 wt% Bij2017Cl;
decoration (20-BAF) presented the best photocatalytic performance
towards TC degradation, with a removal efficiency of 94.1% after
dark processing and 1 h visible light illumination. In addition, an
optimum catalyst concentration of 0.5 ¢ L~ and a primeval pH
(without adjustment) favored the degradation process, while the
introduction of exogenous anions (CO%~, SOF~ and NO3) and
organic matter (HA) supressed the degradation of TC. Furthermore,
The excellent stability and reusability of the 20-BAF Z-scheme
system were verified over six cycles of the photodegradation re-
actions and a possible degradation pathway for TC was proposed
based on the identified degradation products. Finally, the
enhancement of photocatalytic performance in the 20-BAF Z-
scheme system was mainly attributed to the following three as-
pects: (i) the decoration of Ag nanoparticles extended the optical
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Fig. 7. Possible photocatalytic TC degradation mechanism under visible light illumination over 20-BAF composites.

response range and enhanced the light absorption ability; (ii) 2D
Bi12017Cl; nanosheets as substrates efficaciously suppressed the
aggregation of AgFeO, nanoparticles achieving increased specific
surface area to provide more adsorption active sites for TC mole-
cules, which promoted the efficient use of photogenerated carriers
and active radicals; (iii) The formation of Z-scheme system pro-
moted the separation of photogenerated carriers and the utilization
of the powerful electrons and holes.
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