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Abstract: The development of an efficient and environment-friendly photocatalyst for antibiotics
degradation is of great significance and still remains a major challenge. Herein, a novel Sillén-
Aurivillius layered oxide Bi;Fe;Ti;O17Cl is successfully synthesized via a one-step flux route (noted
as F-BFTOC) and solid-state reaction (noted as S-BFTOC). The as-prepared F-BFTOC manifests the
enhanced visible-light photocatalytic performance towards tetracycline (TC) degradation compared
with BigNbOgCl and its degradation efficiency reaches 90% within 90 min. Additionally, the pro-
posed degradation pathway and photocatalytic mechanism are systematically investigated by liquid
chromatography tandem-mass spectrometry (HPLC-MS), active species trapping test, electron spin
resonance (ESR) and first-principles calculations. The superior degradation of antibiotics is primarily
derived from the photo-generated h*, and radical -O,~ as the dominant active species. More impor-
tantly, the F-BFTOC exhibits excellent cycle stability and TC is ultimately transformed into non-toxic
open-loop products. Simultaneously, Rhodamine B (RhB) as a typical organic pollutant is further
employed to evaluate the photocatalytic activity of F-BFTOC, and 98% of the degradation efficiency
is achieved. BFTOC as a multifunctional photocatalyst for pollutant degradation offers a new insight
for Sillén-Aurivillius photocatalytic in the field of water purification.
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1. Introduction

Currently, a variety of contaminations out of water lead to the accumulation of toxic
pollutants in environment, which seriously affects waterbody biodiversity and even the
health of humans [1,2]. In particular, water pollutants are attributable to immoderate
antibiotics, which have attracted significant attention in recent decades. Very limited
amounts of antibiotics are able to be eliminated by conventional biological and chemical
technologies [3-5]. Tetracycline (TC) as a class of representative antibiotic is impossible to
be completely metabolized by natural degradation and biodegradability. A portion of the
high toxicity of the intermediate products of TC is excreted, which poses a huge threat to
the aquatic ecosystem [6]. Therefore, the development of a simple and effective strategy to
degrade subaqueous TC is of considerable importance.

Several methods have been studied and applied to degrade antibiotics specifically,
involving chemical oxidation, biotechnology, adsorption, electrochemical process, and
photodegradation [7]. Of all the existing treatments, photocatalytic technology owing to
low cost, excellent sustainability, and high efficiency is recognized as a promising strategy
to address environmental issues. Photocatalytic technology directly utilizes solar energy
to thoroughly degrade and eventually mineralize antibiotics from wastewater [8-10]. Yet,
semiconductors are used as photocatalysts to eliminate the organic pollutants from wastew-
ater, such as zinc oxide (ZnO), titanium dioxide (TiO;), g-C3Ny4, and so on [11-16]. However,
the wide band gap of semiconductors and the slow rate of photogeneration of electron-hole
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pairs causes low quantum efficiency restricting the photocatalytic efficiency under visible
light [17-19]. Bi-based photocatalysts including Sillén structures BiOX (X = Cl, Br, I) [20],
Aurivillius structure Bi,WQOgq [21], BioM0Og [22], Bi3TiNbOg [23], and Sillén-Aurivillius
structure BigNbOgCl [24], BisTip5Wo508Cl [25] have a unique valence band formed by
hybridization of Bi-6s and O-2p orbitals [26] resulting in remarkable photocatalytic activity.
Among the conventional Bi-based photocatalysts, Sillén-Aurivillius structure of photo-
catalysts consist of halide, fluorite and perovskite slabs [27]. Especially, selective cation
and/or anion substitution for the perovskite slabs in Sillén-Aurivillius structure provides
broad structural variations to regulate the optical and electrochemical properties, which
is able to be performed significantly in photocatalytic water treatment [28]. Surprisingly,
there are few studies that focus on a Sillén-Aurivillius structure of Bi-based photocata-
lysts for antibiotics photodegradation [29,30]. In recent studies, Xu et al. [31] synthesized
BisNbOgCl nanosheets by a molten-salt growth method, but only 60% of TC was degraded
by BisNbOgCl within 240 min irradiation. Wu et al. [32] fabricated BisNbOgCl and het-
erostructured Bi/BisNbOgCl via in-situ solvothermal method, 30% of TC was degraded
by Bi4gNbOgCl within 180 min irradiation, and 50% of TC was degraded by Bi/Bi4sNbOgCl
under the same conditions. Because of the unsatisfactory degradation performance, new
Bi-based Sillén-Aurivillius catalysts with better photocatalytic properties than BisNbOgCl
are required to be developed.

As we all know, Sillén-Aurivillius phases have the general formula (Bi;O,),Cl
(An—1M;;,03,,11), where 1 stands for the number of perovskite layers. For instance, BisNbOgCl
belongs to the Sillén-Aurivillius phases with n = 1. The electronic properties of perovskites
can be altered via changing their dimensionality through increasing the value of n owing
to the quantum confinement effect; furthermore, modifying the chemical composition
of perovskites via alloying or doping also greatly changes their transport properties. To
achieve efficient and stable visible-light-driven photocatalysts, it worth investigating the
Sillén-Aurivillius phases with multi-perovskite layers (1 > 1), in which the band alignment
and carrier transport might modulate by their dimensionality.

Herein, a novel Bi-based Sillén-Aurivillius BiyFe,;Ti;O17Cl (1 = 4) was successfully
obtained through a one-step flux method (noted as F-BFTOC, Figure la). Compared
with the traditional solid phase method, the excellent properties of the samples prepared
by molten salt method were discovered. For the first time, F-BFTOC was used for the
visible-light-driven degradation of TC, and an excellent degradation efficiency of 90% was
achieved within 90 min under visible light irradiation. The intermediate products of TC
were tracked by the HPLC-MS, and the degradation pathway was deduced based on ESR.
The photo-generated h* and radical -O,~ as the dominant active species contributed to the
degradation of TC, and the -OH was peripheral to degradation. More importantly, the high
efficiency of F-BFTOC could be maintained after three cycles and F-BFTOC even exhibited
a significant detoxification. Moreover, organic contaminant (RhB) was tested to evaluate
the prospects of F-BFTOC for organic wastewater, the degradation efficiency was up to
98%. BFTOC gave a new perspective of Sillén-Aurivillius structural Bi-based materials for
the remediation of environmental pollutants.

(A9)4ABa0uy

Figure 1. (a) A novel Sillén-Aurivillius layered oxide BiyFe,TiO17Cl and (b) its calculated band structure.
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2. Results and Discussion
2.1. Phase and Microstructure

S-BFTOC powders were prepared using the conventional solid-state reaction and
calcined at 750 °C for 12 h, and F-BFTOC powders were synthesized through liquid-state
flux method. The X-ray diffraction (XRD) was employed to identify purity and crystal
phase of as-fabricated samples. Figure 2a displayed the XRD patterns of S-BFTOC and
F-BFTOC, and the diffraction peaks at 20.22°, 30.56°, 32.638°, which could be identified
as the (004), (116) and (020) crystal planes, corresponding to the previously reported
results [33]. In addition, the sharp peaks of F-BFTOC indicated an excellent crystallinity
and high purity of the material, confirming the successful formation of the BFTOC. As
compared, XRD measurements (Figure S1a) were done for F-BNOC and S-BNOC samples.
We have successfully synthesized the BNOC samples through comparing the XRD patterns
with the previous work [34].
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Figure 2. (a) XRD patterns of F-BFTOC and S-BFTOC, respectively; (b,c) SEM images of F-BFTOC
and S-BFTOC, respectively; (d—f) High resolution XPS spectra of Bi-4f, Fe-2p, and O-1s of
F-BFTOC, respectively.

The microstructure of the as-prepared photocatalysts was observed by scanning
electron microscopy (FE-SEM). The characterized morphology of nanosheet structure
of F-BFTOC was clearly depicted in Figure 2b, and S-BFTOC was heterogeneous and had
agglomeration in Figure 2c. The large area of sheet at um level of F-BFTOC was able to
expose more active sites and promote the mass transfer process, which in a certain sense
improved the photocatalytic activity [35]. X-ray photoelectron spectroscopy (XPS) analysis
was conducted to measure the surface electronic valances and elemental composition of
the photocatalyst. Figure S2 presented the survey spectra of F-BFTOC corresponding to
Bi, Fe, Ti, O and Cl elements. Figure 2d showed Bi-4f spectrum at 159.06 eV (Bi-4f;,,) and
164.38 eV (Bi-4f5,,), which was attributed to Bi** [36]. In the Fe-2p spectrum (Figure 2e),
two main peaks at 712.05 eV and 725.15 eV could be ascribed to Fe-2p; /, and Fe-2p3 5, re-
spectively [37]. The reason for the very weak signal from Fe may be the uneven distribution
of Fe elements on the surface. The Ti-2p spectrum was displayed in Figure S3, and could be
deconvoluted into two peaks. The binding energy of 457.82 eV and 465.81 eV belonged
to the Ti-2py /5, Ti-2p3/, respectively, which was in accordance with the representative
characteristics of Ti (IV) in F-BFTOC [38]. In the Cl-2p region (Figure S4), two peaks of
F-BFTOC at 198.08 eV and 199.70 eV were assigned to Cl-2p3 /» and Cl-2p; /5, which demon-
strated the existence of C1~ from F-BFTOC [39]. The high-resolution O-1s XPS spectrum
of F-BFTOC could be de-convoluted into three peaks. The peaks situated at 532.05 eV,
529.90 eV, 529.64 eV, corresponding to [Bi;O,]** block and lattice oxygen, respectively.
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2.2. Optical Property

The optical bandgap and photo-absorption of F-BFTOC was examined though UV-Vis
diffuse reflectance spectroscopy (DRS), as displayed in Figure 3a. F-BFTOC possessed a
strong absorption in the visible-light region and the absorption edge was approximately
500 nm. The bandgap value of F-BFTOC was calculated by the well-known Kubelka-Munk
formula depicted as follows [40,41]:

ahv = C(hv — Eg)n (1)

where a was the absorption coefficient values, h was Planck’s constant, v was the radiation
frequency, C was a constant and Eg was the energy gap. Since F-BFTOC was a direct
bandgap semiconductor as shown in Figure 1b, the value of n was taken as 3, the band
gap (Eg) was obtained by the plots of («hv)? vs. photo energy. As shown in Figure 3b, the
Eg value of F-BFTOC was confirmed to be 2.64 eV, suggesting that the narrow band gap
of F-BFTOC could act as a significant photocatalyst in the degradation of contaminations
under visible light irradiation. We have also done the optical band gap measurement
for BNOC samples, which were shown in Figure S1b. The accurate band alignments of
F-BFTOC and F-BNOC were determined by VB-XPS in combination with the E, results
(Figure 3c). The valence band (VB) of F-BFTOC was speculated to be +2.28 eV, and the
conduction band (CB) maxima of F-BFTOC was calculated to be —0.36 eV, as depicted
in Figure 3d. The values of Eyp and Ecg of BNOC was found to be 1.91 and —0.39 eV
(NHE), respectively, according to the literature survey [24]. The energy band position
of photocatalyst was attained, which was conducive to the investigation of the catalytic
reaction mechanism.
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Figure 3. (a) UV-vis DRS spectrum of F-BFTOC; (b) Tauc’s band-gap plots of F-BFTOC; (c) VB XPS
spectrum and energy-band alignment diagrams (insert) of F-BFTOC. (d) The band alignments of
F-BFTOC and F-BNOC, respectively.

2.3. Band Structures

The atomic and orbital revolved band structures (Figure 1b) was obtained by DFT
calculations. The Fermi level is set to zero and marked by a vertical dashed line. From the
previous report we know that the conduction band minimum (CBM) is mainly composed
of a mixture of Bi-6p and Nb-44 states and the valence band maximum (VBM) is predomi-
nately contributed by O-2p states for BNOC. In BFTOC, the O-2p states and Fe-3d states
importantly contribute for the formation of the VBM, while the CBM is dominated by the



Catalysts 2022, 12, 221

5o0f 14

Bi-6p states. The hybridization of O-2p and Fe-3d states in BFTOC introduces the larger
dispersion of band structures near the VBM compared to BNOC, which contributes to the
efficient oxidization of water by the holes populated on the stable oxygen anions.

2.4. Photocatalytic Activity

The estimation of photocatalytic performance of F-BFTOC, S-BFTOC, F-BNOC and
S-BNOC photocatalysts was performed by the degradation of TC and RhB dyes under the
visible light irradiation. After the achievement of the adsorption equilibrium in dark, the
photocatalytic reactions were carried out. As exhibited in Figure 4a, the blank experiment
indicated that the self-photolysis of TC could be ignored. Compared with S-BFTOC, the
adsorption capacity of F-BFTOC to pollutants was greatly improved because of the larger
surface area prepared by the molten salt method [35]. The concentration of TC obviously
declined by assistance with photocatalysts, F-BNOC and S-BNOC exhibited the poor photo-
catalytic activity. F-BFTOC exhibited the highest photocatalytic capability, and nearly 90%
of TC was eliminated after 90 min of visible-light irradiation. The degradation efficiency of
BNOC was distinctly inferior to that of BFTOC, revealing that BFTOC accelerated the sepa-
ration of electron-hole pairs for boosting the photocatalytic performance. Obviously, the
photocatalytic capability of BETOC was much better than BNOC prepared by Xu et al. [31].
Thus, the TOC removal of TC may be larger than that of Xu’s work. The photocatalytic
degradation kinetics of F-BFTOC, S-BFTOC, F-BNOC and S-BNOC were further explored
by the pseudo-first-order kinetics model and pseudo-second-order kinetics model [42], and
were given in the following;:

In(Co/Ct) = kqt 2)
t/(In(Co/Cy)) = t/a + 1/(k2 a2) 3)

where k; was the pseudo-first-order kinetic rate constant (min~1), t was the irradiation
time, ko was pseudo-second-order kinetic rate constant (mol~! dm?3 s~1), Cy was the initial
concentration of the contaminations (mg/L), C; was the concentration of contaminations
at various irradiation time (min), a was the value of In (Cy/C;) at equilibrium. The kinetic
linear fitting curves were displayed in Figure 4b, the TC degradation reaction could be
described as the pseudo-second-order model equation, and kinetics data were summarized
in Table S1. The F-BFTOC possessed the highest k; value of 0.058 mol~1 dm3 s~!, which was
4-fold higher than those of F-BNOC for TC degradation. Remarkably, the photocatalytic
activity of BFTOC was better than BNOC.

In Figure 4g, the absorption intensity of TC was reduced, which confirmed that TC
was gradually degraded and completely decomposed into small-molecule products.

To optimize the photocatalytic performance of F-BFTOC, the other parameter on the
photodegradation activities of F-BFTOC, TC concentration, was investigated. As shown in
Figure 4c,d, with the increased TC concentration (10 mg/L, 20 mg/L, 30 mg/L, 40 mg/L,
50 mg/L), the removal rate of F-BFTOC to tetracycline hydrochloride decreased gradually.
The concentration of tetracycline hydrochloride rose up to 50 mg/L, the removal rate of
F-BFTOC could still reach 66% in 120 min. Therefore, E-BFTOC was capable of still showing
excellent degradation performance for the high concentration of tetracycline hydrochloride.

Beyond that, the photocatalytic ability of photocatalyst was further studied via the
degradation of RhB under visible-light irradiation, RhB was a typical organic molecule
that was difficult to be completely removed. As a control, the degradation of RhB over
photocatalyst under dark condition was negligible (Figure 4e). The RhB was significantly
degraded when the photocatalyst was added, and 98% of RhB was removed by F-BFTOC
within 90 min of reaction, further suggesting the outstanding photocatalytic activity of
BFTOC for the efficient degradation of organic pollutants. The highest RhB degradation for
F-BFTOC was achieved, being 1.31 more than F-BNOC. The photocatalytic degradation
kinetics of F-BFTOC, S-BFTOC, F-BNOC and S-BNOC for RhB were investigated by the
pseudo-first-order kinetics model and pseudo-second-order kinetics model, and kinetics
data were summarized in Table S2. In Figure 4e, {, the degradation system with the removal
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of RhB well followed the pseudo-first-order kinetic model. The k; value of 0.038 min~!
was noted for F-BFTOC photocatalyst, which was 2.71 times higher than that of F-BNOC.
The absorption spectra of RhB over F-BFTOC illustrated that F-BFTOC nanosheets could
effectively degrade RhB. Therefore, F-BFTOC greatly improved the separation and transfer
efficiency of photo-induced carriers, and F-BFTOC with higher surface areas possessed
more active sites, thereby enhancing the photocatalytic performance. F-BFTOC was selected
as the optimum photocatalyst.
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Figure 4. (a) Photocatalytic degradation curves of TC over different photocatalysts under visible
light irradiation; (b) The pseudo-second-order kinetic curves of the as-prepared photocatalyst for
the degradation of TC; (c) Photocatalytic degradation and (d) k, values of different TC concentration
over F-BFTOC under visible light irradiation; (e) Photocatalytic degradation curves of RhB over
different photocatalysts under visible light irradiation; (f) The pseudo-first-order kinetic curves of
the as-prepared photocatalyst for the degradation of RhB; (g,h) Absorption spectra of TC and RhB
photocatalyzed by F-BFTOC, respectively.
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The stability of photocatalyst was the important factor for the practical application in
wastewater treatments. The stability of F-BFTOC was measured for three consecutive cycles.
The degradation activity of F-BFTOC did not decline substantially with no appreciable
deactivation at the third cycle under visible light irradiation, which demonstrated that
F-BFTOC had remarkable photocatalytic stability. XRD patterns of F-BFTOC photocatalyst
before and after the degradation of TC were depicted in Figure S5. The XRD pattern of
F-BFTOC after photodegradation testified that the locations of the characteristic diffraction
peaks of BETOC were not shifted and impurity was not observed. F-BFTOC was a kind of
highly efficient and steady photocatalyst for the degradation of TC.

2.5. Degradation Pathway of TC and Toxicity Assessment of Products

The intermediate products during the degradation of TC were identified by HPLC-MS
and the possible degradation path of the TC over F-BFTOC was presented in Figure 5.
Nine transformation products with m/z of 461 (D), 433 (G), 306 (H), 146 (K), 106 (]), 164 (I),
431 (C), 298 (E), and 543 (F), and the corresponding molecular structures were observed.
Two probable degradation pathways of TC were given. For pathway I, TC molecules were
attacked by photoexcited h* to divide the N-demethylation into C. Then, C was fragmented
into E via ring-opening process, and further transformed to F [43—45].

m/z =433

m/z=164 | m/z=106 m/z =146

Figure 5. The proposed photodecomposition pathways of TC over F-BFTOC. (A-K) are tetracycline
and different degradation products, respectively.

Pathway II was mainly fragmentation with the attack of -O, ™ active species, D was
firstly formed by the dehydroxylation of TC. Then, the demethylation reaction occurred
for D to generate G, and a small molecule H stemmed from deamination process. H was
successively decomposed into intermediates | and K, corresponding to the ring opening
reaction [46,47].

Afterwards, the I was gradually disintegrated into small molecule intermediates, and
further converted into CO, and H,O [48].

Thanks to several intermediate products yielded during the photocatalytic degradation
of TC, the mixture of intermediates was likely to have higher toxic properties. Therefore,
the toxicity of the solution after photocatalytic treatment was supposed to be assessed in
addition to the TC removal. The toxicities of products treated by F-BFTOC and the control
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sample of TC solutions were shown in Figure 6. The blank group (pure water) allowed
E. coli bacteria growth to some extent. A distinct bacteriostatic zone existed around the
tetracycline hydrochloride discs, indicating that the high concentration of TC in the solution
apparently hindered bacterial growth. Remarkably, a notable detoxification was achieved
for some intermediate products, and a noticeable bacterial growth was observed, revealing
the effective photocatalysis of TC by F-BFTOC led to a basically non-toxic environment.
Thus, F-BFTOC could be used to degrade high concentrations of TC in the environment
without producing more toxic products.

Figure 6. Toxicity assessment of (a) distilled water, (b) 50 mg/L TC and (c)products. The products
came from TC degraded by F-BFTOC for 120 min.

2.6. Proposed Photocatalytic Mechanism

For the purpose of elucidating the photoexcited charge separation efficiency of F-BFTOC,
S-BFTOC, F-BNOC and S-BNOC, the photocurrent response (PC) and electrochemical
impedance spectroscopy (EIS) were applied to investigate the recombination rate and
migration process of the photogenerated charge carriers. The EIS Nynquist plots of the
as-prepared photocatalysts were depicted in Figure 7a, a smaller EIS radius indicates
a faster rate of electron migration, which is more favorable for photocatalysis. The arc
radius of BFTOC was smaller than that of BNOC, which demonstrated the faster carries
migration in the interface of BFTOC. More importantly, F-BFTOC possessed a smaller
radius of semicircle in comparison to S-BFTOC. The transfer resistance of charge carriers in
F-BFTOC was lower than S-BFTOC, suggesting that F-BFTOC effectively separated photo-
generated electrons and holes. As presented in Figure 7b, the photocurrent density of
BFTOC was significantly higher than BNOC, and F-BFTOC showed the strongest transient
photocurrent intensity. F-BFTOC had the low recombination rate of the photogenerated
electrons and holes via the formation of sheets structure by the appropriate flux route to
enhance photon-to-current conversion efficiency.

To identify the generated reactive species during the photocatalytic degradation of RhB
over F-BFTOC and speculate the probable photocatalytic mechanism, the active species
trapping experiment of F-BFTOC was carried out by the addition of tert-butyl alcohol
(t-BuOH), disodium ethylenediamine tetraacetate (EDTA-2Na) and p-benzoquinone (p-BQ)
as trapping agents to quench radical -OH, h*, and superoxide radical -O,~, respectively.

The concentration of each scavenger was 2 mmol/L. In Figure 7c, d, the degradation
efficiency of RhB significantly reduced from 98% to 32%, 10% and 80% after adding p-BQ,
EDTA-2Na, and #-BuOH, respectively. To confirm clearly the produced active species
during the photodegradation procedure, the ESR spin-trap experiments were carried out
by DMPO which acted as a spin-trapping agent. As illustrated in Figure 7e,f, no ESR
signal of -O,~ radicals appeared under dark conditions. In contrast, the photoexcitation
of F-BFTOC under visible-light irradiation, the strong characteristic peaks of DMPO-O,~
were observed. Besides, the peak intensity of h* gradually decreased with the extension of
the irradiation time, proving the reaction between TEMPO and h*. To sum up, h* and -O,~
radicals as the predominant active species participated in the photocatalytic degradation



Catalysts 2022, 12, 221

9 of 14

process of pollutants performed over F-BFTOC. Although OH played a secondary role, it
was still very important.
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Figure 7. (a) EIS Nynquist plots of F-BFTOC, S-BFTOC, F-BNOC and S-BNOC, respectively;
(b) Transient photocurrent densities of F-BFTOC, S-BFTOC, F-BNOC and S-BNOC, respectively;
(c,d) The photocatalytic performance of F-BFTOC with different scavenges under visible light irra-
diation; () DMPO-O,~ spin-trapping ESR spectra of F-BFTOC; (f) TEMPO-h* spin-trapping ESR
spectra of F-BFTOC.

According to the above results, the persuasive photocatalytic mechanisms for the
degradation of TC or RhB over F-BFTOC was proposed and schematically described
in Figure 8. Upon visible light irradiation, photo-induced electrons were blocked by
the Schottky barrier. The photogenerated electrons (e~) were activated and shifted to
the conduction band (CB) while leaving more holes (h*) on the valence band (VB) of
F-BFTOC (Equation (4)), which was the main species for the degradation of TC/RhB. The
photogenerated electrons would participate in the reduction in the dissolved oxygen (Oy)
to superoxide radical anion (-O, ) (Equation (6)), and the -O, ™ radicals was able to react
with H* and electrons to further form H,O,. Afterwards, H,O, could dissociate to radical
OH under the action of electrons, and TC was decomposed by radical -OH. Therefore, -O,~
was the only transformation product and OH radicals were the finally product. The OH
radicals conduced the conversion of TC/RhB into CO,, H,O, and other organic compounds
(Equation (8)). The primary active species and the photocatalytic mechanism of TC/RhB
over F-BFTOC were briefly described as follows:

BFTOC + hv — BFTOC (h" +e7) 4)
BFTOC (h*) + OH™ — BFTOC + -OH 5)
BFTOC (e”) + O, — BFTOC +-O5 (6)
‘O, +TC/RhB — CO; + HyO + mineral )

h* +RhB/TC — CO, + H,O + mineral (8)
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Lightirradiation

Figure 8. Schematic illustration of the proposed photocatalytic mechanism in the F-BFTOC for the
degradation of TC/RhB.

3. Materials and Methods
3.1. Materials

Bismuth trioxide (Bi;O3) was purchased from Aladdin reagent CO., Ltd., Shanghai,
China. Ferric oxide (Fe;O3) was purchased from Shanghai shanpu chemical Co., Ltd.,
Shanghai, China. Titanium Dioxide (TiO,), Polyethylene glycol (EG), Potassium chloride
(KCl) and Sodium chloride (NaCl) were purchased from Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China. All of mentioned reagents were of analytical grade and directly
used without further purification.

3.2. Preparation of BiOCI

BiOCl was synthesized by a facile soft liquid deposition method. A total of 11.64 g
Bi(NO3)3-5H,0 was dissolved into 240 mL glycol. Then, 1.78 g KCl was dissolved into
120 mL of deionized water, which was dropped slowly into the previous solution. The
mixture was magnetically stirred at room temperature for 1 h. Subsequently, the products
were obtained by washing with deionized water several times, and dried at 60 °C for 12 h.

3.3. Preparation of BizFe;Ti»O;7Cl

BiyFe, TipO17Cl was synthesized by a flux method using Bi, O3, Fe; O3, TiO;, and BiOCl
as raw materials. A molten salt of an alkali metal chloride KCl and NaCl was served as a flux.
The flux was mixed with Bi,O3, BiOCl, Fe; O3 and TiO; at the stoichiometric molar ratio for
BiyFe, TioO17Cl (3:1:1:2), at a solute concentration (BiyFe, TioO17Cl/ (BizFe; TioO17Cl + flux))
of 6.25 mol%. Afterwards, the mixture was transferred to an alumina crucible with a
capacity of 25 cm?, calcined at 750 °C at a heating rate of 180 °C h~! for 12 h. After natural
cooling, the obtained orange products were collected by filtration and thoroughly washed
with deionized water. The powders were dried at 60 °C for 12 h, which was named as
F-BFTOC. For comparison, BiyFe, TiO17Cl was prepared by traditional solid-state method
under the same condition without adding molten salt (other conditions were the same as
the requirements of molten salt method), which was named as S-BFTOC.
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3.4. Preparation of BigyNbOgCl

BiyNbOgCl were synthesized by a flux method. Bi;Os, BiOCl, and Nb,Os5 were
weighed at the stoichiometric molar ratio for BisNbOgCl (3:2:1). Take KCl and NaCl
(30 mmol, respectively) as molten salt. Afterwards, the mixture was transferred to an
alumina crucible, and calcined at 750 °C at a heating rate of 180 °C h~1! for 12 h, which
was named as F-BNOC. For comparison, Bi4sNbOgCl was prepared by traditional solid-
state method under the same condition without adding molten salt, which was named
as S-BNOC.

3.5. Characterization

X-ray diffraction (XRD) (X" Pert3 Powder, PANalytical, Almelo, the Netherlands,
A = 0.15406 nm) was used to analyze the crystal structure of samples with a Cu K« radia-
tion. The morphology of the samples was examined by field emission scanning electron
microscope (FE-SEM) (FEI, Hillsboro, OR, USA). X-ray photoelectron spectroscopy (XPS)
was carried out to investigate the chemical nature of the samples via a ESCALAB 250xi
XPS system (Thermo Fisher Scientific, Carlsbad, CA, USA) with an Al Ka X-ray source.
The UV-vis diffuse reflectance spectroscopy (UV-vis DRS) was attained using a UV-2550
(Shimadzu, Kyoto, Japan) to measure the optical property. The liquid chromatography-
triple quadrupole tandem mass spectrometry (HPLC-MS) (Agilent 6545Q-TOF, Singapore,
Singapore) was utilized to test the intermediate products and study the photodegradation
pathways. The electron spin resonance (ESR) signal was conducted by Bruker ESR A-300
(Bruker, Rheinstetten, Germany) to analyze the active species under visible light irradiation.
The UV-Vis absorption spectra of the samples were performed by UV-2450 (Shimadzu,
Kyoto, Japan).

3.6. Theoretical Calculations

All the calculations in this work were implemented by the Vienna ab initio simulation
package (VASP). The Perdew-Burke-Ernzerhof (PBE) [49] generalized gradient approxi-
mation (GGA) of density function theory (DFT) was conducted to optimize the geometric
structure. The Brillouin zone grid was used to 5 x 5 X 1 mesh and the energy cut off was
520 eV as well as —0.01 eV for atomic force convergence. Since the BFTOC is a strong
correlation interaction system, the method of the Heyd-Scuseria-Ernzerhof screened hybrid
functional (HSE) [50] was performed for the band structure calculations.

3.7. Photocatalytic Experiments

Photocatalytic experiments of the samples were discussed, and a 300 W Xenon lamp
(CEL-HXF300 Ceaulicht, Beijing, China) with a 420 nm filter as the visible light source, the
current intensity was 20 A. A total 100 mg of photocatalysts was added into 100 mL of
10 mg L~! TC or RhB, and stirred in the dark for 30 min to reach adsorption-desorption
equilibrium. An amount of 4 mL solution was withdrawn every 20 min (TC) or 15 min
(RhB), then the above suspension was centrifuged, and the residual concentration of TC
or RhB was detected by UV-vis spectrophotometer. The stability of F-BFTOC was tested
under the same procedure.

3.8. Electrochemical Measurement

Photocurrent density versus time curves and electrochemical impedance spectra (EIS)
were performed by a CHI660D electrochemical analyser (Chenhua Instrument Co. Ltd.,
Shanghai, China) with a standard three-electrode system, including a working electrode,
reference electrode (saturated Ag/AgCl) and counter electrode (Pt wire). The working
electrode was obtained by the following procedure: 5 mg of as-prepared photocatalysts
was dispersed into 40 pL of naphthol to make the slurry, and the slurry was deposited
on the fluorine-tin oxide (FTO) glass. Then, the substrate was dried at 80 °C for 4 h and
subsequently calcined in Muffle furnace (KF1100, Boyuntong Instrument Co., Ltd., Nanjing,
China) at 120 °C for 1 h.
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3.9. Toxicity Assessment

The toxicity assessment of products was conducted by comparing the acute toxicity
of the antibiotic solutions before and after photocatalytic treatment [51]. Prior to toxicity
assessment, the bacteria were reactivated to the logarithmic growth phase.

Accordingly, the sterilized ultrapure water without TC was used as the medium in
the control group. The TC solutions before and after being treated by photocatalysis at
different times were employed for the test groups. The disk diffusion testing of E. coli on LB
agar was performed [52]. In the experiment, three types of 6 mm paper discs were utilized:
(1) paper disc saturated with distilled water; (2) tetracycline hydrochloride discs saturated
with tetracycline hydrochloride solution (50 mg/L); and (3) products disks saturated with
degraded products. E. coli strains were suspended in the saline solution and plated in the
culture medium, and then the discs were placed. The plates were incubated at 37 °C for
12 h, and the inhibition zones were measured.

4. Conclusions

In summary, the Bi-based Sillén-Aurivillius BiyFe;Ti;O17Cl was successfully fabricated
by means of a one-step flux method. The F-BFTOC nanosheets exhibited more superior
photocatalytic activity for the degradation of TC and RhB. As a result, 90% and 98% of
degradation efficiency were achieved with 90 min or 60 min under visible light irradiation
for refractory antibiotic TC and RhB, respectively. The excellent photocatalytic activity
of F-BFTOC could be ascribed to the sheet-like structure that could expose more active
sites and augment the contact area to accelerate the separation of the charge carriers. The
photo-generated radical -O,~ as a main active specie contributed to the degradation of
TC. Under the attack of -O,~ and h*, TC was degraded by two possible pathways and
nine probable intermediates were validated. Furthermore, the high efficiency of F-BFTOC
retained after three cycles with slight and the intermediate products of TC had low toxicity.
Overall, BFTOC as a multifunctional photocatalyst was capable of efficiently degrading
persistent antibiotics and organic pollutants.
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