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In this study, Sb,Sz/InyS3/TiO, (SIT) heterojunction photocatalysts were prepared by a simple two-step
hydrothermal method and applied to the photocatalytic degradation of levofloxacin (LEV). After 160 min
of reaction under visible light, the SIT heterojunction photocatalyst degraded 10 mg L~! LEV at a rate of
86.7%. The degradation of LEV follows pseudo-first-order kinetics with a rate constant 116 x
1072 min~! which is 142, 1.22 and 1.05 times higher than that of TiO,, S| and IT, respectively.
Meanwhile, the SIT photocatalysts also showed high photocatalytic activity for other antibiotics. The
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1. Introduction

Levofloxacin (LEV) is a third-generation fluoroquinolone anti-
biotic widely used in human and animal therapy.'” However,
due to its complex structure and multiple physicochemical
characteristics, it is difficult to completely remove LEV by
conventional wastewater treatment techniques, thus it is
a serious threat to ecosystems and human health.** Therefore,
it is crucial to explore efficient, direct, eco-friendly and
sustainable methods to detect and remove antibiotics from
wastewater. Photocatalysis technology based on semiconductor
materials has obvious advantages of low cost, environmental
friendliness and low-energy, and was considered to be a green
chemical pathway with great potential for the treatment of
antibiotic wastewater.”*® Recently, researchers have studied
and developed various photocatalytic materials for the degra-
dation of antibiotics in water. For example, a novel oxygen
vacancy-rich Bi;O,Br,I; , nanorod solid solution was used for
the degradation of antibiotic levofloxacin under visible light;**
construction and actual application of In,03/BiOBr hetero-
junction for effective removal of ciprofloxacin under visible
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dual Z-type heterojunctions and efficient photocatalysts for the degradation of antibiotics.

light;** S-scheme heterojunction composite of UiO-66-NH,/
Bi,;Oql; was applied for the degradation of ciprofloxacin.*
Many semiconductor materials have been designed for pho-
tocatalytic degradation of LEVs in wastewater. Among them, tita-
nium dioxide (TiO,) has low toxicity and good stability, and thus
has a wide application potential in water treatment and environ-
mental remediation."*** However, the catalytic performance of
pure TiO, is affected by the wide band gap (3.2 eV) and high
photogenerated carrier recombination rate.'*™® In order to
improve its photocatalytic activity and stability in practical appli-
cations, many methods have been proposed, such as optimising
the structure of TiO, and constructing heterostructures.’>
Since the photocatalytic degradation of antibiotics occurs at
the semiconductor-water interface, vertically aligned semi-
conductor nanoarrays (e.g., nanorods or nanosheets) provide
a large number of active sites, reduce carrier diffusion distances
and enable multiple light reflections between arrays, which can
enhance the photocatalytic degradation of LEVs by improving
the photo-generated charge separation efficiency of photo-
catalyst.”>** At the same time, it can also reduce the risk of
secondary pollution and improve the environmental friendli-
ness of the wastewater treatment process. More importantly,
TiO, nanorod arrays provide an exploitable platform for
building heterojunction structures. For example, Gan et al. used
Ag nanoparticles to decorate 2D/2D TiO,/g-C3;N, heterojunction
for efficient removal of tetracycline hydrochloride;** Guo et al.
developed a new high-performance ternary photocatalyst based
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on the co-modification of TiO, nanorods with BPQDs and Ag
nanoparticles for TC degradation.*

Fortunately, the above shortcomings of TiO, can be amelio-
rated effectively by developing a Z-type heterojunction photo-
catalyst, which can remarkably improve the redox ability of
catalysts through enhancing the charge separation efficiency.”*>*
Alternatively, indium sulfide (In,S;) has been widely used as
a photocatalyst because of its narrow band-gap (2.0-2.3 eV), wide
visible light response range and low toxicity.”" On the other
hand, antimony trisulfide (Sb,S;) has attracted much attention
owing to its narrow band-gap (1.5-1.9 eV), large absorption
coefficient and so on.*>* In,S; and Sb,S; have been chosen to
design Z-type composites because of their higher conduct band
potential and lower valence band potential.>*** According to
previous literature, In,S; and Sb,S; have been employed to
assemble Z-scheme photocatalysts coupling with other catalysts.
Such as, Ding et al. prepared In,S;/TiO, thin-film catalysts with
sulfur vacancies for the activated sodium persulfate (PMS) pho-
tocatalytic degradation of levofloxacin;*® Sharma et al. fabricated
nanoflower-like Sb,S;/SiO, monoliths by the vacuum impregna-
tion method, which were utilized for the photocatalytic degra-
dation of pollutants MB, TM and real wastewater.*’

In conclusion, binary Z-scheme photocatalysts have made
enough efforts, but their photocatalytic activities still have an
improvement room.**** Some studies reported that the
successfully synthesized dual Z-type photocatalysts improved
the separation/transport efficiency of photogenerated carriers,
broadened the photo-response range, and thus enhanced the
photocatalytic activity.**** For instance, Jang et al. constructed
TiO,/CdS/MoS, heterojunctions to enhance the photo-
electrochemical performance;** Shihan Qi et al. successfully
synthesized In,S;/Ag-Ag,S-AgInS,/TNR photocatalyst by a facile
hydrothermal and wet chemical method to enhance the pho-
toelectrochemical and photocatalytic performance;** Chen et al.
constructed Sb,S;/CdS/CdIn,S; S-scheme heterojunction to
improve the photoelectrochemical performance.*®

In this paper, Z-type Sb,S3/In,S;/TiO, (SIT) heterojunction
photocatalysts was prepared by a simple two-step hydrothermal
method, which was evaluated the performance in the degrada-
tion of multiple antibiotics in the visible light and investigated
the effect of different experimental parameters on the degra-
dation of levofloxacin (LEV) by SIT. Meanwhile, the main radi-
cals in the photocatalytic system were identified by trapping
experiments and electron spin resonance spectroscopy (EPR),

o < I\

Sb,S, InS; TiO, Tio,

HCl e
g Hydrothermal
DI E
* - 150°C 12h ’
TBT ¥
-

Scheme 1 Synthesis route of SIT.
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and the degradation pathways and intermediates of LEV were
revealed by liquid chromatography-mass spectrometry (LC-MS)
analysis and three-dimensional excitation-emission matrix
fluorescence (3D EEMs). In addition, the energy band structure
of the Z-type heterojunction was formulated by the optical and
photoelectrochemical properties of the SIT system, and the
degradation steps and mechanism of the Z-type SIT photo-
catalyst were proposed.

2. Experimental

2.1. Material

Fluorine-doped tin oxide (FTO) conducting glasses were ob-
tained from Wuhan Jingge Solar Energy Technology Co., Ltd.
Tetrabutyl titanate (Ci6H3604Ti, TBT) and thioacetamide
(C,HsNS, TAA) were obtained from Shanghai Aladdin
Biochemical Technology Co., Ltd. Hydrochloric acid (HCI),
acetone (C3HgO), ethanol, sodium thiosulfate pentahydrate
(Na,S,03-5H,0), and isopropyl alcohol (IPA, ‘OH scavenger)
were obtained from Sinopharm Chemical Reagent Co., Ltd.
Ethylene glycol (C,HgO,), r-antimony potassium tartrate (Csg-
H,4K,01,Sb,-xH,0), indium(m) chloride tetrahydrate (InCl,-
-4H,0), levofloxacin (LEV), and p-benzoquinone (BQ, ‘O,
scavenger) were obtained from Macklin Industries Co. Ltd.
Ethylenediaminetetraacetic acid disodium (EDTA-2Na, h*
scavenger) were obtained from Beijing Innochem Science &
Technology Co., Ltd. 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO)
was purchased from Dojindo Chemical Co., Ltd. All chemicals
were used as received without further purification.

2.2. Preparation of TiO, nanorods arrays

Synthesis of TiO, nanorods arrays was made by hydrothermal
method. Typically, 0.5 mL of Ti(C,Hs0), precursor was added to
30 mL aqueous solution of 6 M HCI to form a uniform system
under stirring. The solution was then transferred to a poly-
tetrafluoroethylene (PTFE) reactor liner (50 mL) and FTO of 2 cm
x 5 cm was immersed in the solution. Heating at 150 °C for
12 h. After cooling, the precipitate was washed with deionized
(DI) water and ethanol. And dried at 60 °C in an oven overnight.

2.3. Preparation of Sb,S;/In,S;/TiO,

The fabrication procedure of Sb,S;/In,S;/TiO, is illustrated in
Scheme 1. 30 mg of TAA and 6 mg of InCl;-4H,0 were dissolved
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in 40 mL of ethylene glycol solution. After stirring for 30 min,
10 mg of CgH,K,01,Sb, xH,0 was added to it and stirred for
another 30 min, and the prepared TiO, nanoarrays were
immersed in the solution and heated at 140 °C for 12 h to obtain
Sb,S5/In,S;/Ti0,, defined as SIT. In the absence of InCl;-4H,0,
single-phase In,S;/TiO, can also be prepared in a similar
method and denoted as IT, Sb,S;/In,S; was fabricated by
a similar procedure in the absence of TiO,, defined as ESI.}

2.4. Characterization

The X-ray diffraction (XRD, D8 Advance, Bruker) analyses was
performed with a scanning range from 10° to 80° to identify the
crystal structures of the samples. The surface morphology of the
samples was revealed by field-emission scanning electron
microscopy (FESEM, Hitachi S-4800). The microstructure and
lattice spacing were analyzed by transmission electron micros-
copy (JEOL, JEM-F200), which attached energy-dispersive X-ray
(EDX) spectroscopy. X-ray photoelectron spectroscopy (XPS;
ESCALAB-250) was selected to explore the surface chemical
compositions with an Al Ka source. Using the Thermo Avantage
software fit the data and the 284.8 eV C 1s internal standard
peak as the calibration point. The ultraviolet photoelectron
spectroscopy (UPS) data were equipped with He I (21.22 eV) as
the UV excitation source. The time-resolved photoluminescence
(TRPL) spectra of the samples were obtained by ultrafast time-
resolved fluorescence spectrometer (FluoroMax-4P) with an
excitation wavelength of 375 nm. The electron paramagnetic
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resonance (EPR) spectra were performed using an electron
paramagnetic resonance spectrometer (Bruker EMX Plus). The
intermediates produced during the degradation of LEV were
determined by liquid chromatography-tandem mass spec-
trometry (LC-MS).

The analytical methods were provided in ESL{

2.5. Optical and photoelectrochemical measurements

A fluorescence spectrophotometer (FL, Hitachi F-4500) at
a wavelength of 325 nm was used to analyze the separation
efficiency of electron-hole pairs. And three-dimensional exci-
tation-emission matrix fluorescence spectrum (3D EEMs) was
measured to monitor the fluorescence change during the
process of LEV degradation. UV-vis diffuse reflectance spectra
(UV-vis DRS) was acquired using a UV-visible spectrophotom-
eter (Shimadzu, UV-2550) and transformed into absorption
spectra.

A three-electrode electrochemical workstation (CHI660D)
was used to performed the photocurrent response and electro-
chemical impedance spectroscopy (EIS). 0.1 M Na,SO, solution
as electrolyte, sample as working electrode, platinum wire as
counter electrode and saturated Ag/AgCl electrode as reference
electrode.

2.6. Photocatalytic tests

The photocatalytic performances of all samples were irradiated
under a 300 W Xe lamp (Perfect light, PLS-SXE300/300UV). All

(a) XRD patterns of pure TiO,, In,S3, Sb,Ss, IT and SIT; SEM images of (b) TiO,, (c) IT, (d) SIT.
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samples (1 cm x 1 cm) were placed into LEV solution (5 mL,
10 mg L") for 30 min under dark condition to achieve the
adsorption—-desorption balance. The distance between the
sample and the light source was set to 10 cm. The intensity of
the characteristic absorption peak of the LEV solution was
measured by UV-vis spectrophotometer every 30 min. The initial
pH for assessing LEV-catalyzed degradation was adjusted with
0.10 M HCI and 0.10 M NaOH.
Additional information is available in the ESIL{

3. Results and discussion

3.1. Structure and morphology characterization

X-ray diffraction (XRD) pattern of SIT is depicted in Fig. 1(a).
Neglecting the diffraction peaks of FTO, the characteristic peaks
at 36.1°, 54.3°, 62.8° and 69.8° can be identified as the (1 0 1), (2
1 1), (0 02)and (1 1 2) planes of rutile TiO, (JCPDS 21-1276),
respectively. And the peaks at 27.5°, 33.4° and 43.8° belong to (3
1 1) and (4 4 0) planes of In,S; (JCPDS 32-0456), respectively.
Moreover, the peak at 15.7° and 17.5° are ascribed to (2 0 0) and
(1 2 0) planes of Sb,S; (JCPDS 42-1393). TiO, and IT were also
synthesized as control samples as shown in Fig. S1(a) and (b).}
The main diffraction peaks of SIT coincide with the planes of
TiO,, In,S;, and Sb,S;, respectively.

The SEM image shows the vertically aligned TiO, nanorods
are uniformly distributed on the FTO surface with an average
width of 120 nm (Fig. 1(b)) and a length of about 1 pm (Fig.-
S2(a)t). To better disclose the interface effect of SIT hetero-
structure nanoarrays, those single-phased In,S; and Sb,S; were
also prepared. As revealed in Fig. S2(b) and (c),T the In,S; shows

400 nm
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the wrinkled nanosheet structure and the Sb,S; displays the
particle structure. In Fig. 1(c), the obtained IT composites
possess similar morphology to pristine In,S;. After anchoring
the nanoparticles of Sb,S;, the SEM image of SIT in Fig. 1(d) also
clearly presents wrinkled structure nanoarrays that were
assembled by small nanosheets, as revealed by the SEM image
of In,S; and IT. The cross-section view of SIT displays still
vertically aligned nanorods arrays in Fig. S2(d).}

As depicted in Fig. 2(a), TEM image of SIT can be clearly seen
that the Sb,S; nanoparticles and In,S; nanosheets are
successfully anchored on the TiO, nanorods, confirms the
intimate contact of the In,S; and Sb,S; with TiO, nanorods. The
highresolution transmission electron microscope image
(HRTEM) in Fig. 2(b) suggests three types of clear lattice fringes
of 0.32 nm, 0.20 nm and 0.35 nm are respectively attributed to
the (1 1 0) plane of TiO,, the (5 1 1) plane of In,S; and the (1 3 0)
plane of Sb,S;. In addition, high-angle annular dark-field
scanning TEM (HAADF-STEM) image and energy-dispersive X-
ray spectroscopy (EDS) mapping images in Fig. 2(c)-(h)
observe that all the Ti, In, Sb, O, and S elements were distrib-
uted on the whole nanoarrays, which also verifies the above
characterizations. Above observations suggest the successful
fabrication of heterostructured SIT nanoarray.

XPS analysis was also employed to investigate the chemical
state and elemental composition of as-synthesized samples.*
As shown in Fig. 3(a), the XPS survey spectrum of SIT confirm
the existence of expected Ti, In, Sb, S, and O elements, which is
consistent with the elemental mapping analysis. Seen from the
Ti 2p spectrum of Fig. 3(b), two characteristic peaks of Ti*" state
in TiO, could be determined as Ti 2p3, at 458.6 eV and Ti 2p4,

TiO, (1 10)

Fig. 2 TEM images of the SIT (a); HRTEM images of a representative region (b); HAADF-STEM image (c); EDS mapping results of SIT (d)—(h).
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Fig. 3 XPS spectra of different samples: (a) survey spectra, (b—d) the high-resolution spectra of Ti 2p, In 3d and Sb 3d.

at 464.4 eV. After manufacturing SIT, the Ti 2p;,, and Ti 2py),
peaks exhibit a negative shift to the binding energies of 458.5 eV
and 464.3 eV. As for O 1s spectra in Fig. S3(a),T deconvoluted O
1s peak consists of 531.1 and 530.1 eV, ascribed to the "OH
group of surface adsorbed H,O and Ti-O bond in the structure
of TiO,, respectively.>**® Similarly, the peaks for O 1s of SIT also
indicate slight negative shift.

The In 3d spectrum in Fig. 3(c) reveals that two peaks of In,S;
are fitted into 2py/, at 452.2 eV and 2p;, at 444.7 eV. Compared
with In,S;, the characteristic peaks of SIT are positively shifted
by 0.1 eV. Fig. 3(d) presents the Sb 3d spectrum, the peaks of
Sb,S; at 529.4 and 539.2 eV are assigned to Sb 3ds,, and Sb 3d;,
of Sb*". Similarly, the Sb 3d spectrum of SIT also displays a shift
toward the higher binding energy direction. In addition, the
peak at 530.9 eV could be attributed to the oxidation of the
catalyst surface in the air.***® The S 2p spectrum in Fig. S3(b)7 is
segmented into the peaks at 161.3 and 162.5 eV, attributed to S
2p1/» and S 2ps, of SIT, respectively.

Furthermore, the binding energy of an element is closely
related to its density of outer electrons.>** The abovementioned
analysis confirms that the binding energies of TiO, move
towards a high energy region, while the binding energies of
In,S; and Sb,S; offset to a low energy region, which implies
a low electron density of TiO, and a high electron density of
In,S; and Sb,S; in the heterostructure of SIT. The phenomenon
demonstrates that the electrons migrate from TiO, to In,S; and
Sb,S; in the Z-type heterojunction of SIT.

3.2. Photocatalytic activity

3.2.1. Performance of different systems for LEV degrada-
tion. LEV degradation under visible light was used to assess the
photocatalytic activity of each produced photocatalyst. The

© 2024 The Author(s). Published by the Royal Society of Chemistry

experimental parameters were pH = 7, photocatalyst size of 1 cm
x 1 cm and initial LEV concentration of 10 mg L. To achieve
the equilibrium between absorption and desorption, all pho-
tocatalytic devices were left in the dark for 30 min. The solutions
were then exposed to a Xe radiation for 160 min. In order to
increase the validity of the trials and confirm the stability of LEV
under lighting conditions, blank experiments were also carried
out. In Fig. S4(a),T the UV-visible spectra of the photocatalytic
degradation of LEV by the SIT system. The distinctive peak of
LEV at 288 nm gradually shrinks, as LEV continues to break
down and produce a huge number of intermediates. LEV
molecules broke down into tiny molecules after 160 min.

For all produced photocatalysts, the removal rate (n) and
kinetic constants (K,) of LEV photodegradation were deter-
mined using eqn (S1) and (S2), and the results are shown in
Fig. 4(a) and (b) and S4(b).T **** The 7 of TiO, degradation of
LEV was about 61.2% with a K, of 5.94 x 10™> min™*, which
could be attributed to its broad forbidden band and low visible
light reactivity of the photocatalyst. When compared to the pure
TiO, photocatalyst, the composites of IT and SI demonstrated
superior photocatalytic performance (n = 82.7%, K, = 9.59 X
107 min~' and 7 = 70.9%, K, = 8.23 x 107> min"). In
particular, when the SIT double Z-type heterojunction
composite was utilized as a photocatalyst (Fig. S4(b)t), 86.7% of
the LEV was degraded (K, = 1.16 x 10~ > min "), which was 1.42,
1.22 and 1.05 times higher than that of TiO, SI and IT, respec-
tively. These facts imply that the synergistic effect produced by
building a dual Z-type heterojunction delivers the maximum
photocatalytic activity of SIT composites, which can be
employed as an easily recyclable photocatalyst for efficient LEV
degradation. Thus, the following explanations for the greater
catalytic activity of SIT:

RSC Adv, 2024, 14, 4975-4989 | 4979
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Fig. 4 Effects of reaction parameters on the degradation of LEV (a) different systems, (b) the apparent constant of different catalysts, (c) LEV
concentration; (d) the apparent constant of different LEV concentration, (e) initial pH and (f) the apparent constant at different initial pH (reaction
conditions: [LEV] = 10 mg L™%; [photocatalyst size] = 1 cm x 1 cm; pH = 7; T = 25 °C; [reaction time] = 160 min for LEV removal).

(1) The TiO, vertical nanorod array is distinct in that it has
a large specific surface area and more ion transport channels
than other structure, which can expose an increasing number of
active sites and make them more favorable for reactant
adsorption.”>*

(2) The dual Z-type heterostructure, which fosters contact
and a synergistic effect among the three materials, achieves
successful charge separation and transfer. Additionally, the
production of many reactive radicals speeds up the photo-
catalytic degradation of SIT system.***

(3) with the addition of Sb,S; component, the visible light
absorption range of the composites increased and the light
absorption ability of SIT was improved.***”

3.2.2. Effect of LEV concentration. The photocatalytic
activity is significantly influenced by the initial concentration of
the pollutant. Degradation tests were performed at concentra-
tions of 10, 12, 14, and 16 mg L' to examine the impact of
initial LEV concentration on Xe lamp photodegradation activity.
As seen in Fig. 4(c), (d) and S4(c),f the photocatalytic

4980 | RSC Adv, 2024, 14, 4975-4989

degradation rate dropped from 86.7% to 61.1% and the K, value
decreased from 1.44 x 10> min~ ' to 0.61 x 10> min~ " when
the initial concentration of LEV was increased from 10 mg L™
to 16 mg L~ " while the quantity of SIT remained constant
(Fig. S4(c)T). This can be explained by the comparatively small
number of radicals produced in the greater concentration of
LEV solution, together with the fact that the intermediates
produced were adsorbed on the surface of SIT, which left LEV
occupying a relatively limited number of catalytically active
sites.>” To get the greatest photocatalytic activity, an LEV
concentration of 10 mg L™ * was used throughout the tests.
3.2.3. Effect of initial pH. Since the pH of the solution
affects the ionization state of the target pollutant molecules and
the surface electrical characteristics of the catalyst, which in
turn affects the degradation reaction, therefore pH plays
a significant role in photocatalytic degradation.'*® The inves-
tigation into the impact of pH in the range of 3.0 to 9.0 on the
LEV photodegradation efficiency of SIT is depicted in Fig. 4(e),
(f) and S4(d).t LEV degraded most effectively overall at pH = 7,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where it degraded by roughly 86.7%. The removal efficiency of
LEV in the acidic medium region declined with decreasing pH;
the photodegradation of LEV by SIT also shown poor efficiency
in extremely alkaline conditions. According to the literature,
LEV molecules are cationic (protonated piperazine groups) at
pH = 6.02, amphoteric at 8.15 > pH > 6.02, and anionic
(deprotonated carboxyl groups) at pH = 8.15. The photo-
degradation effectiveness of LEV decreases because both LEV
and SIT are positively charged at media pH = 3 or 5 and nega-
tively charged at media pH = 9, thus creating an electrostatic
repulsion that prevents LEV molecules from adhering to the
catalyst surface.>”** Some of the negative/positive LEV adsorbed
on the negative SIT at pH = 7, which increased the effectiveness
of LEV photodegradation. As a result, the ideal pH value was
found to be 7.

3.3. Universality, reusability and stability

As shown in Fig. 5(a), (b) and S4(e),t the prevalence and
usefulness of SIT heterojunctions were determined by the
degradation efficiency of various antibiotics, including ampi-
cillin (AMP), gatifloxacin (GAT), chlortetracycline hydrochloride
(CHI) and levofloxacin (LEV) to assess their applicability.
Surprisingly, under the same experimental conditions, SIT
heterojunctions showed good degradation of CHI and LEV with
removal efficiencies of 86.7% and 81.2%, respectively, and K,
values of 1.44 x 107> min~' and 1.18 x 10> min~*, while it
showed weaker degradation of GAT and AMP with degradation
efficiencies of 67.0% and 28.8%, and K, values of 0.73 x

=@~ AMP - 28.8%
== GAT-67.0%
-~ CHI -81.2%
0.0 } =@~ LEV -86.7%

0 40 80
Time ( min )

120 160

View Article Online
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2 1

10> min~ " and 0.27 x 10 > min . The intrinsic molecular
structure of the antibiotic may be responsible for the significant
difference in K, values. These results confirm that SIT dual Z-
type heterojunctions show wide applicability in degrading
various antibiotics.

The reusability and stability of the catalysts were investigated
to assess their potential for practical applications. As seen in
Fig. 5(c), even though the LEV removal efficiency showed a slight
decreasing trend as the cycle number increased, the degradation
rate of LEV by the SIT dual Z-type heterojunction photocatalyst
could still reach 81.7% after four consecutive cycles, indicating
that the system has a relatively beneficial cycling performance.
Since oxygen-containing functional groups are the primary active
ingredient in the degradation of LEV by the SIT system, it can be
assumed that the decreased degradation rate of the SIT dual Z-
type heterojunction photocatalyst was likely caused by the deac-
tivation of oxygen-containing functional groups as a result of
repeated vacuum drying, leaching of metal ions, or adsorption of
intermediates.>**

Furthermore, Fig. 5(d) shows the XRD diffractograms of
fresh and used catalysts, indicating that SIT maintains its initial
crystal structure after repeated use with no significant changes
in diffraction peaks. Thus, it has efficient and stable catalytic
performance for LEV degradation.

3.4. Identification of reactive oxygen species

As shown in Fig. 6(a) radical trapping experiments were per-
formed to investigate the mainly oxidizing species of SIT
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Fig. 5 (a) Universality test, (b) the apparent constant of different antibiotics, (c) reusability test (reaction conditions: [AMP] = 10 mg L2, [GAT] =
10 mg L% [CHI] =10 mg L™, [LEV] = 10 mg L™ [photocatalyst size] = 1 cm x 1 cm; pH = 7; T = 25 °C; [reaction time] = 160 min) and (d) the XRD

patterns of SIT before and after the recycling process.
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Fig.7 3D EEMs of the LEV solution after degradation of (a) O, (b) 40, (c) 80 min and (d) 120 min by SIT. (reaction conditions: [LEV] = 10 mg L™%;
[catalyst] = 0.2 cm? mL™%; pH = 7; T = 25 °C; [reaction time] = 160 min).
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involved in photocatalytic degradation of LEV. Basically, iso-
propyl alcohol (IPA), p-benzoquinone (BQ) and disodium
ethylenediaminetetraacetate (EDTA-2Na) were used as the
capture agents of hydroxyl radicals ("OH), holes (h*), superoxide
radicals ("0,7) and holes (h"), respectively.” In Fig. 6(b) and
S4(f),t the removal rate of LVF decreased dramatically from
86.7% to 0.7% after the addition of 5 mM IPA (k = 3.96 x
107> min™"), indicating the presence and dominance of ‘OH
radicals. With the present of 5 mM EDTA-2Na, the degradation
efficiency of LEV decreased a little to 80.6% (k = 1.11 X
10~% min "), revealing that h* was contributed little to the
degradation of LEV. Subsequently, BQ at 5 mM resulted in
a reduction of LEV removal to 64.6% (k = 7.18 x 10> min™ %),
indicating that ‘O, was present in the system but was not the
dominant radical.

EPR tests were conducted to further confirm the existence of
‘0O,” and OH active species with DMPO as the spin trap, the
existence of visible light was the only difference.”®** EPR spec-
trum tests in the dark reveal no obvious signal. Fig. 6(c)
appeared a 1:2:2:1 signal of DMPO-"OH, when the ‘OH was
captured by DMPO, which further confirmed the presence of
‘OH. Similarly, the four signals of 1:1:1:1 were detected in
Fig. 6(d), but the peak of DMPO-"0, " intensity was weak, which
indicated that a few "O,” can be generated.>** Above all, ‘OH
and 'O, are recognized the domain reactive species in this
system.
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3.5. Proposed degradation pathways

The obtained 3D EEMs spectra provide important information
on the fluorescence changes during LEV degradation.”*° Here,
Ex represents the emission wavelength (nm) and Em represents
the excitation wavelength (nm). As shown in Fig. 7(a), two
obvious humus acid-like peaks located at Ex’Em = (320-360/
450-600) nm and Ex/Em = (270-320/400-450) nm. The intensity
of fluorescence peaks obviously decreased when extending the
reaction time to 40 min, implying that the conjugated hetero-
cycle structure of LEV was destroyed (Fig. 7(b)). Moreover, the
intensity of the fluorescence peaks continued to decrease with
the increase of illumination time (Fig. 7(c)). After 120 min of
light illumination (Fig. 7(d)), there is almost no obvious fluo-
rescence signal, exhibiting that the intermediate products of
LEV are decomposed into small molecules and eventually
mineralized to H,O and CO,.

The intermediates and potential degradation pathways of
LEV degradation by SIT were identified by LC-MS.**” The ob-
tained mass spectra and intermediates were depicted in Fig. S5-
S6 and Table S1,f respectively. Based on previous similar
reports, four possible degradation pathways of LEV were
proposed, as shown in Fig. 8. In pathway I, the product P1 (m/z
= 391) was formed by carboxylation. Then, the intermediates
passed through decarboxylation to degrade to P2 (m/z = 374).**
After the oxazine ring being destroyed, the production of P3 (m/z
= 245) from P2 was attributed to the defluorination and

/.\'HR (\*
:3,==17 P11 P6 ::31=317 7
= m/z=289 m/z=347 + ‘
0 \' {“/
ANH i \)\ AN
P10 P7 :15/7.:273 miz=245

m/z=245

“ /

m/z=278

CO, and H,0 and other small molecules

Fig. 8 The proposed degradation pathways for LEV in the SIT system.
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decarboxylation.®* As for pathway II, LEV undergoes decarbox-
ylation to form the P4 (m/z = 317).>” P4 was further reduced and
removed by fluorination to produce P5 (m/z = 273).* Further,
take off the piperazine ring to obtain P7 (m/z = 278).* Pathway
IV, P8 (m/z = 390) was produced by changing fluorine group into
hydroxyl group while opening and oxidizing piperazine ring.*
Next, P9 (m/z = 317) was generated by the cleavage of the
hydroxyl group and demethylation to obtain product P10 (m/z =
245).*° Simultaneous, the production of P11 (m/z = 289) from P8
were attributed to the removal of C=0 bond and decarboxyl-
ation.”® Finally, the intermediates might be further generated to
CO,, H,0 and other small molecules.

Meanwhile, Fig. S7(a)t presents the changes of total organic
carbon (TOC) during the degradation process of LEV. After
160 min of light irradiation, TOC removal rate of LEV by the SIT
reaches 68.5%. The result further indicates that the structure of
LEV is indeed broken and decomposed into H,O and CO, as
well as some intermediate products during the process of
photocatalytic degradation. Thus, it shows that SIT has good
degradability as well as mineralization ability towards LEV.

3.6. Optics and photoelectrochemical investigations

Relevant research shows that the higher the PL intensity, the
higher the electron-hole recombination rate and the weaker the
photocatalytic performance.® PL spectra of TiO,, IT and SIT were
shown in Fig. 9(a), the samples exhibited a strong emission
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response and (d) EIS impedance plots of TiO,, IT, Sl and SIT.
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peak centered at 467 nm, the PL intensity of SIT as comparison
to TiO, and IT was weaker, which indicates that it has high
efficiency of photogenerated electron-hole separation.*® In
addition, the charge separation kinetics of the samples were
investigated via time-resolved photoluminescence (TRPL)
spectroscopy. In Fig. 9(b), the lifetime (z) of TiO,, IT and SIT
were 0.23 ps, 0.20 ps and 0.12 ps, respectively. This result
confirms that SIT had the shortest electron lifetime, suggesting
the fastest charge transfer of electrons across electrode/
electrolyte interface in SIT photoanode.* The ability of photo-
generated carriers to separate and migrate can be easily
observed in the photocurrent density curve.” Fig. 9(c) exhibits
the transient photocurrent under visible light with light on-off
cycles, the photocurrent response density of SIT (52.3 A cm™?)
showed the higher current density than that of IT (39.7 pA
cm %), SI (30.1 pA cm %) and TiO, (19.7 pA cm?). When the
lamp was turned off, the current quickly decreased to the initial
value. As reported, the radius of semicircle arc represents the
charge transfer resistance.”” As shown in Fig. 9(d), the EIS
spectra display that the arc radius of SIT was smallest than
those of IT, SI and TiO,, indicating the lowest electrical
impedance and the highest carrier transfer efficiency.”

3.7. Photocatalytic mechanism

The UV-vis DRS absorption spectrum of the prepared material
was used to investigate the photo-absorption was shown in
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spectra of TiO,, In,S3 and Sb,Ss; (d) UPS profiles of TiO,, In,S3 and Sb,Ss.

Fig. 6(a). IT similar to In,S; shows a photo-absorption edge at
577 nm, which was also improved due to the presence of TiO,.
SI is similar to Sb,S; and shows a light absorption edge at
709 nm. In addition, after modifying Sb,S; on IT. The photo-
absorption of SIT has been broadened (edge: 654 nm)
compared with that of IT. The optical band gap was calculated
using linear extrapolation of the Tauc plot based on the
Kubelka-Munk function (eqn (S1)t), as shown in Fig. 10(b).**
The band gap values for TiO,, In,Ss;, and Sb,S; were estimated
to be about 2.93, 2.19, and 1.86 eV.

According to the results of XPS valence band (VB) spectra
(Fig. 10(c)), the VB of TiO,, In,S;, and Sb,S; are 2.35 eV, 1.14 eV,
and 0.48 eV, respectively. The UPS spectra with cutoff energy
(Ecutofr) at high binding energy are shown in Fig. 10(c). When
Fermi levels (Eg) are consistent with 0 eV, the corresponding
Ecutofr Of TiO,, In,S; and Sb,S; are 15.47 eV, 15.74 eV and
15.49 eV, respectively.*® Therefore, as calculated by eqn (54),1
the work functions of TiO,, In,S;, and Sb,S; are 2.35 eV, 1.14 eV,
and 0.48 eV, respectively.

Because of the contact potential difference between the
sample and the XPS analyzer, the VB location of the sample with
respect to the general hydrogen electrode (NHE) can be esti-
mated using the formula in eqn (1):*

Eyg = Evp xps t ¢ — 4.44 (1)

© 2024 The Author(s). Published by the Royal Society of Chemistry

where Eyg is the VB potential relative to NHE, Eygxps is the
observed value of the VB-XPS and ¢ is the electron work func-
tion of the XPS analyzer (4.55 eV). Following thorough compu-
tations, the Eyp of TiO,, In,S; and Sb,S; are, respectively,
+2.75 V vs. NHE, +1.25 V vs. NHE, and +0.59 V vs. NHE. The
location of the conduction band (CB) of photocatalyst can be
calculated by the following eqn (2):*

Ecg =E; — Evg (2)
where Ecp is the CB potential relative to NHE. The CB of TiO,,
Sb,S; and In,S; are —0.18 Vvs. NHE, —0.94 Vvs. NHE and —1.27 V
vs. NHE, respectively. As shown in Fig. 11(a), the bands of the
three photocatalysts show cross-alignment. Therefore, a distinc-
tive charge transfer pathway for the SIT system that is consistent
with the dual Z-type heterojunction mechanism is presented in
this study based on the appropriate conduction band potentials
and valence band potentials of the photocatalysts.*

Two potential charge transfer modes type II heterojunction
and Z-type heterojunction — are suggested for SIT photocatalytic
degradation of LEV based on the results from the previous
analysis (Fig. 11).>* Together with Fig. 11(c), photogenerated
holes will go from the VB of TiO, to the VB of In,S; and Sb,S;,
whereas photogenerated electrons will move from the CB of
In,S; and Sb,S; to the CB of TiO,. The electrons in the CB of
TiO, are unable to decrease O,/"O,  because the CB potential of

RSC Adv, 2024, 14, 4975-4989 | 4985
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(a) Band structure diagram of TiO,, In,Ss and Sb,Ss; (b—d) schematic illustration of charge transfer mechanism occurring through

traditional type-Il pathway and direct Z-type pathway in SIT system under visible light irradiation.

TiO, (—0.18 V vs. NHE) is more positive than the typical
superoxide radical potential O,/°0O,” (—0.33 V vs. NHE).”
Additionally, the In,S; and Sb,S; cavities in VB do not have
enough oxidation capacity to make “OH since the VB of In,S;
and Sb,S; (+1.25 and +0.59 V vs. NHE, respectively) is more
negative than the usual redox potentials H,O/"OH (+2.37 V vs.
NHE) and OH /°OH (+1.99 V vs. NHE)."® If the SIT interface is
a conventional type II heterojunction, then there should be no
signal for "OH and 'O, . However, signals for ‘OH, ‘0O, and h*
were observed in radical trapping experiments and EPR spec-
troscopy; therefore, the charge transfer in SIT is not a type II
heterojunction.

The reaction mechanism for the degradation of LEV by the
SIT dual Z-type heterojunction suggested in this research is
shown in Fig. 11(d) based on the data mentioned above. As
shown in Fig. 11(a), the Fermi energy levels (Eg) of In,S; and
Sb,S; are higher than those of TiO, prior to contact. When
Sb,S3/In,S;/TiO, are successfully compounded, a hetero-
junction is formed between them and electrons migrate from
the In,S; and Sb,S; interfaces to TiO, until the Ey of the three
semiconductors reach equilibrium. The electron transfer paths
are consistent with those determined using high-resolution
XPS. At the same time, an internal electric field (IEF) was
formed in the interface region and pointed from In,S; and Sb,S;
to TiO,. Thereafter, photogenerated electrons migrated from
TiO, to In,S; and Sb,S; under light irradiation driven by the IEF
(Fig. 11(b)). Notably, IEF was present, which supported the
results of photoelectrochemical tests by facilitating electron

4986 | RSC Adv, 2024, 14, 4975-4989

transfer and strongly hindered the complexation of photo-
generated carriers.”® Furthermore, the IEF increased the elec-
tronic potential energy of In,S; and Sb,S; and decreased that of
TiO,, resulting in the energy band edges of In,S; and Sb,S;
showing an upward band bend and that of TiO, showing
a downward band bend (Fig. 11(b)). Energy band variations are
a prominent feature of Z-scheme heterojunctions, a charge
transport pathway that greatly increases separation rates and
reduces recombination of photogenerated electron-hole pairs.

Electrons in TiO,, In,S;, and Sb,S; are stimulated by photons
when exposed to visible light (eqn (3)-(5)).>® With the help of
IEF, electrons in the CB of TiO, bind to holes in the VB of In,S;
and Sb,S; (eqn (6) and (7)), isolating the holes of TiO, and the
electrons of In,S; and Sb,S; to the greatest extent possible.
Additionally, the superoxide radical potential of O,/°'O," is less
negative than the CB energy levels of In,S; and Sb,S;, allowing
the electrons in In,S; and Sb,S; with high reducing capacity to
convert adsorbed O, to "0, (eqn (8) and (9)).>> After that, some
of the "0, reacts with the H' to create H,0, (eqn (10) and
(11)).* H,O0, then undergoes a second reaction with ‘O, to
produce OH (eqn (12)).*® The strongly oxidizing h* in TiO, can
oxidize H,O and OH" to generate ‘OH since the VB level of TiO,
is higher than the usual redox potentials of H,O/°"OH and OH "/
‘OH. Also, the holes left on TiO, can directly capture the elec-
trons in LEV molecules and oxidize them directly. Therefore,
the degradation of LEVs in SIT systems is dominated by radicals
such as ‘OH, 'O, and h" (eqn (15)).> As a result, the charge
transfer in SIT is a Z-type heterojunction, and the successful

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08905c

Open Access Article. Published on 07 February 2024. Downloaded on 3/21/2026 4:08:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

construction of the Z-type heterojunction enables the efficient
separation and transfer of photogenerated electrons and holes
of the three semiconductors, while the strongly oxidizing holes
are retained in the CB of TiO, and the strongly reducing elec-
trons are retained in the VB of In,S; and Sb,S;. As a result, the
SIT system successfully degrades LEV by photocatalysis. The
possible reaction steps are shown in eq:

TiO, + hv = TiO, (e~ + h") (3)

In,S; + hv = In,S3 (e~ + h™) (4)
SbaSs + hw = SbySs (e~ + h*) )

TiO, (¢7) + InaSs (h*) — TiO, + In,S; (6)
TiO, (¢7) + SbyS; (h*) — TiO, + SbySs )
In,S;3 (€7) + (O2)ans = ISz + 7057 (8)
Sb,S3 (€7) + (02)aps — SbaS3 + "0y~ 9)
‘0,~ + H' = "OOH (10)

H,O, + 'O, ='OH + OH™ + O, (11)
"OOH + "OOH = H,0, (12)

TiO, (h*) + H,O — TiO, + "OH + H" (13)
TiO, (h*) + OH~ — TiO, + ‘OH (14)
‘OH/'0, /h* + LEV = CO, + HO, + small molecules  (15)

4. Conclusion

In this study, Z-type Sb,S3/In,S;/TiO, (SIT) heterojunction
photocatalysts were constructed by anchoring In,S; nanosheets
and Sb,S; nanoparticles to form a layered structure on TiO,
nanorod arrays using a simple two-step hydrothermal method.
The morphology and structure of the SIT photocatalysts were
accurately described using XRD, SEM, TEM and XPS. Under
visible light, the Z-type SIT catalyst exhibited excellent photo-
catalytic activity in the degradation of levofloxacin (LEV) with
a high degradation efficiency of 86.7%. The kinetic rate was 1.44
x 107> min~", which was 2.36 and 1.25 times higher than that
of TiO, and In,S;/TiO, (IT) composites, respectively. Under the
same experimental conditions, the SIT photocatalytic system
also exhibited excellent photocatalytic degradation activities for
CHI, GAT and AMP, with degradation efficiencies of 81.2%,
67.0% and 28.8%, respectively, which indicated that the mate-
rial has a wide range of applicability to antibiotics. Meanwhile,
the main oxidising radicals in the photocatalytic system were
identified as 'O, and "OH by capture experiments and electron
spin resonance spectroscopy (EPR), and the degradation path-
ways and intermediates of LEVs were revealed by liquid chro-
matography mass spectrometry (LC-MS) and three-dimensional

© 2024 The Author(s). Published by the Royal Society of Chemistry
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excitation-emission matrix fluorescence (3D EEMs). In addi-
tion, PL, TRPL, UV-visible and photoelectrochemical property
tests were carried out, which demonstrated the excellent full-
spectrum responsiveness and charge separation and transfer
ability of SIT, formulated the energy band structure of the Z-type
heterojunction, and proposed the degradation steps and
mechanism of the Z-type SIT photocatalyst. Overall, this study
provides novel insights into the degradation of antibiotics using
thin-film photocatalysts.
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