Journal of Inorganic and Organometallic Polymers and Materials (2023) 33:2710-2720
https://doi.org/10.1007/510904-023-02711-y

RESEARCH q

Check for
updates

Sunlight Responsive 2D/2D SnS,/BiVO, Nanocomposite
for Photocatalytic Removal of Ciprofloxacin Antibiotic from Aqueous
Medium

Gandharve Kumar'

Received: 15 March 2023 / Accepted: 9 May 2023 / Published online: 22 May 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

A bismuth vanadate (BiVO,) irregular nanoplates surface decorated with tin disulphide (SnS,) nanoplates is developed as
a visible light responsive photocatalyst for the degradation of ciprofloxacin antibiotics. The photocatalyst, named SnS,/
BiVO, is characterized by various physiochemical techniques such as powder X-Ray diffraction, field-emission scanning
electron microscopy, high-resolution transmission electron microscopy, X-ray photoelectron spectroscopy, UV—vis diffuse
reflectance spectroscopy, electrochemical impedance spectroscopy and photoluminescence. The optimized batch 0.15SnS,/
BiVO, photocatalysts degraded 92% (CIP, 10 mg/L) with a rate constant 0.0184 min~!, which was about 3.75 times and
7.66 times higher than that of the BiVO, (k=0.0049 min~!) and SnS, (k=0.0024 min~") photocatalyst respectively. The
improved photocatalytic performance of SnS,/BiVO, nanocomposite is mainly due to (a) strengthened visible light absorp-
tion by 0.15SnS,/BiVO, due to the shifting of absorption edge towards higher wavelength (b) Z-scheme-like band position of
BiVO, and SnS,, (c) efficient inhibition of charge carrier recombination, and (d) in situ generation of reactive oxygen species.
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1 Introduction

Harmful organic pollutants such as pharmaceutical products,
personal care products, dyes, pesticides etc., released from
the pharmaceutical, plastic, textile and leather industries into
the water bodies are of great concern [1-4]. Ciprofloxacin
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found wide applications in treating various bacterial infec-
tions in animals and humans [5-7]. Their consumption has
been tremendously increased worldwide because of their
low cost [8]. However, the long persistent nature of these
drugs due to their slow metabolized nature in an aqueous
medium, make them fatal for the water bodies [9, 10]. They
can easily toxify ground and surface water, causing harmful
infection in animals and humans due to the development of
anti-bacterial resistant strains inside their bodies [11, 12].
Many techniques have been used to date, out of which sem-
iconductor-based photocatalysis has found great potential in
removing antibiotics from wastewater [8, 13, 14]. However,
majority of the semiconductor photocatalysts suffered from
certain limitations such as high charge carrier recombination
rate, low redox properties, intrinsic defects, etc. [15-17].
Therefore, it is of great interest to design an efficient visible
light active photocatalyst with high stability and enhanced
photocatalytic activity toward the antibiotic degradation in
an aqueous medium under sunlight irradiation.

Bismuth vanadate (BiVO,) is the simplest ternary oxide
semiconductor, with monoclinic scheelite phase. Due to
its unique structure, together with its non-toxic, environ-
mentally benign nature with excellent chemical stability,
BiVO, has been considered a promising material for pho-
tocatalytic applications [18-20]. As compared with large
band gap TiO, whose electronic structure consists of only
O 2p orbitals, the BiVO, consists of Bi 65 and O 2p orbitals,
the presence of extra Bi 6s orbital minimize the distance
of excited electron from the valence band of BiVO, to the
conduction band of V3d state of VO,>~, which results in
the reduction of band gap energy, therefore increasing the
light absorption region up to visible light [21, 22]. However,
the low band gap (2.4-2.5 eV) makes BiVO, susceptible to
rapid recombination of the photoexcited charge carriers, and
thus, various strategies have been designed to overcome the
intrinsic limitations of pristine BiVO, [23-25]. For instance,
the construction of Z-scheme type heterojunctions with
semiconductors having matching band edges with respect
to that of BiVO, has proven to be an effective approach to
overcome these limitations [26, 27]. The construction of
a Z-scheme heterojunction composite is beneficial from a
photocatalytic point of view by minimizing the charge car-
rier recombination rate and possessing strong redox abilities
[28-30]. This occurs due to the retention of electron and
holes in thermodynamic favorable condition i.e., electrons
in the conduction band of one semiconductor and holes in
the valence band of other in the heterostructure, which then
takes part in the redox reactions generating in-situ active
species required for the photocatalytic process [31-33].
Yong et al. prepared a Z-scheme In,S;/BiVO, photocata-
lyst, which shows enhanced photocatalytic activity towards
the degradation of glyphosate [26]. Luo et al. synthesized a
MoSe,/BiVO, heterojunction with Z-scheme, which exhibits

superior photocatalytic performance toward the photocata-
lytic removal of glyphosate [34]. Similarly, Chen et al. pre-
pared Z-scheme Agl/BiVO, heterojunction which show
superior photocatalytic activity toward the degradation of
tetracycline under visible light irradiation [35].

In this regard, the band edges of a small band gap semi-
conductor, SnS, match well with that of BiVO, and hence,
using SnS, as a sensitizer to construct heterostructure with
BiVO, can improve the photocatalytic performance of the
photocatalyst [26, 36]. In this work, a novel SnS,/BiVO,
heterostructure was fabricated via a two-step hydrothermal
route. The effects of varying mass ratios of SnS, and BiVO,
on the physicochemical properties of the as-synthesized
composites were analysed by their structural, morphological,
and optical properties. A possible formation of a Z-scheme
heterostructure between BiVO, and SnS, has been proposed.
The SnS,/BiVO, nanocomposite exhibited enhanced photo-
catalytic efficiency towards ciprofloxacin (CIP) degradation
under natural sunlight.

2 Experimental Section
2.1 Preparation of SnS,

Firstly, SnS, nanoplates were synthesized using the hydro-
thermal method. stannous chloride pentahydrate (4mmol),
thioacetamide (12 mmol), were dispersed in 70 mL DI water.
The final suspension was transferred to a Teflon-lined stain-
less autoclave (100 mL) and maintained at 180 °C for 12 h
in an oven. Finally, the supernatant liquid was discarded,
and the final product was collected, washed with water and
ethanol, and dried at 50 °C overnight.

2.2 Preparation of SnS,/BiVO,

The SnS,/BiVO, nanocomposites were prepared by a hydro-
thermal method. 2 mmol NH,VO;, and 2 mmol Bi(NO;);.
5H,0 were mixed in 50 mL DI water under stirring for
30 min. The pH of the reaction mixture was kept at about 5-6
using NaOH (10.0 M) solutions. Afterward, the specified
amount of SnS, (wt%) (10 wt%, 15 wt%, and 20 wt%) was
added to the above reaction mixture under constant stirring.
Finally, the resulting solution was transferred into a Teflon-
lined autoclave and kept at 160 °C for 24 h. The obtained
batches of SnS,/BiVO, nanocomposites were centrifuged
and washed with water and ethanol several times and dried at
60 °C overnight. The batches of SnS,/BiVO, nanocompos-
ites were denoted as 0.10SnS,/BiVO,, 0.15SnS,/BiVO, and
0.20SnS,/BiVO, according to the amount of SnS, precursor
added. The pure BiVO, was prepared by the same synthesis
protocol without using SnS,.
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2.3 Characterization of Photocatalyst

The as-synthesized batches of SnS,/BiVO, NCs, BiVO,,
and SnS, were characterized by different techniques. All
details related to these techniques, including the sample
preparation, were discussed in Section S1 of Supporting
Information.

2.4 Photocatalytic Activity Test

The photocatalytic test of the SnS,/BiVO, nanocomposites
were conducted by degrading ciprofloxacin (CIP, 10 mg/L,
100 mL) using 0.06 g of photocatalyst in aqueous solution
under the exposure of natural sunlight. Before the irradia-
tion, the reaction mixtures were vigorously stirred for 60 min
under dark to ensure adsorption/desorption equilibrium and
then the reaction mixture were kept under natural sunlight
for about 105 min in order to carry out the degradation stud-
ies. During photoreaction, 1 mL of aliquots was collected at
regular intervals and centrifuged to separate the solid pho-
tocatalyst. Finally, the CIP concentration were monitored
by UV-vis spectrophotometer. The leached concentrations
of Bi, V, and Sn were analysed with the help of ICP-OES
following the calibration technique (details were discussed
in Supporting Information section S2).

3 Results and Discussion

3.1 XRD Analysis
The crystalline structure and phase composition of the as-

synthesized heterostructures were analysed through XRD
method, as represented in Fig. 1a. All the XRD peaks of

(a)

BiVO, and SnS, are in good agreement with their mono-
clinic scheelite phase (JCPDS No.- 14-0688) and hexagonal
phase (JCPDS No.-83-1705) respectively [37, 38]. The dif-
fraction peak of the SnS,/BiVO, heterojunction are similar
to the BiVO,, which confirm that the coupling of SnS, does
not alter the phase of BiVO, (Fig. 1a). No distinctive peak
of SnS, were observed in the SnS,/BiVO, nanocomposite
but in the enlarged view (Fig. 1b), reveals some shift in the
peak at about 20 of 29.1° and 30.7° related to the (121) and
(040) lattice planes (Fig. 1b), when compared to BiVO,, the
XRD peaks of SnS,/BiVO, shows slightly shift towards the
higher 20 region. This event suggested the strong interac-
tion and intimate contact between SnS, and BiVO, [39].
The detailed information about the crystallite size of SnS,/
BiVO, NCs and BiVO, are discussed in supporting informa-
tion section S3.

3.2 FE-SEM and HR-TEM Analysis

The microstructure and sizes of pure SnS,, BiVO, and
0.15SnS,/BiVO, nanocomposites were investigated by
field emission electron microscopy (FE-SEM) (Fig. 2). The
FESEM image of SnS, reveals the formation of a nanoplates
of irregular sizes having diameters of 150-250 nm (Fig. 2a).
The FESEM image of BiVO, revealed a smooth irregular
nanoplates-like structure with a size ranging between 300
and 700 nm in length (Fig. 2b). The FE-SEM image of
0.15SnS,/BiVO, reveals the formation of irregular nano-
plates of BiVO, with nanoparticles of SnS, tightly adhered
to the surface of BiVO, (Fig. 2c), which is substantiated
from the XRD data also. Thus, it can be inferred that load-
ing SnS, nanoplates on BiVO, irregular nanoplates surface
favours charge transmission between the two components;

(b)
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Fig.1 a XRD pattern, b corresponding XRD pattern in the range 27°-36° of BiVO,, SnS, and SnS,/BiVO, nanocomposite
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Fig.2 FESEM image of (a) SnS,; (b) BiVO,; (¢) 0.15SnS,/BiVO, nanocomposite; TEM images of 0.155nS,/BiVO, (d-e); HR-TEM images of

0.155nS,/BiVO, (e); and (g) SAED pattern of 0.155nS,/BiVO,

however, the SnS,/BiVO, composites retain the morphology,
size, and hierarchical structure of pristine BiVO,.

The detailed morphology and microstructure of 0.15SnS,/
BiVO, NCs were further investigated by HR-TEM, and it
can be observed that the nanoplates of SnS, in the range
of 80—100 nm were evenly dispersed over the 100300 nm
long nanoplates of BiVO, (Fig. 2d-e). As shown in Fig. 2f,
the lattice fringe (0.315 nm) of 0.15SnS,/BiVO, corre-
sponds to (121) plane of monoclinic BiVO,, while the other
interatomic layer spacing of (0.292 nm) corresponds to the
(011) lattice phase of hexagonal SnS,. The SAED pattern
confirms the polycrystalline nature of 0.155nS,/BiVO, and
the obtained electron diffractions rings were indexed, which
corresponds to the monoclinic phase of BiVO, (JCPDS No.
14-0688) (Fig. 2g).

3.3 XPS Analysis

XPS analysis was used to investigate the chemical composi-
tion of 0.15SnS,/BiVO,, Fig. 3a exhibits the survey spec-
trum of batch 0.15SnS,/BiVO, nanocomposite and high-
resolution XPS spectra of Bi 4f, V 2p, Sn3d, S 2p, and O
Ls. The XPS spectra reveal that the 0.155nS,/BiVO, nano-
composite consists of Bi, V, Sn, S, and O elements. The XPS
spectrum of Bi 4f revealed two major peaks at 164.01 eV
and 158.77 eV, which corresponds to Bi 4f, and Bi 4f ,,
respectively (Fig. 3b). The XPS spectra of V 2p shows two
peaks at 523.91 eV and 516.03 eV which corresponds to

V2p, pand V2ps,, which represents vanadium (V) in the
state of V>* state as shown in Fig. 3c. The Sn*'state in the
0.15SnS,/BiVO, photocatalyst is reflected from the peaks
at 486.49 eV and 494.85 eV (Fig. 3d), which corresponded
to Sn 3ds ,and Sn 3d; ,peaks, respectively. In the S 2p XPS
spectra shows two peaks at 162.40 eV and 161.46 eV, which
attributes to Sn2p, , and Sn 2p; ), respectively, that cor-
respond to S~ ion in SnS, (Fig. 3e). The O Ls spectra show
peaks at 529.50 eV, which was related to crystal lattice oxy-
gen in 0.155nS,/BiVO, nanocomposite and at 530.02 eV
which could possibly due to the surface defects and adsorbed
oxygen species (Fig. 3f).

3.4 UV-Vis DRS Analysis

The optical properties of SnS,, BiVO, and SnS,/BiVO,
were explored by UV-vis DRS spectra. Figure 4a reveals
that pristine BiVO, and the SnS,/BiVO, composites
exhibit strong absorbance in the UV region extending to
the visible light region, whereas SnS, absorbs only in the
visible region (~570 nm) (inset of Fig. 4a). The absorp-
tion band edges of BiVO, lie at around 480 nm and on
increasing the SnS, content, the absorption wavelength
of the SnS,/BiVO, composites exhibit a red shift with
respect to pristine BiVO,. Using the Tauc expression,
(ahv)'™ =A(hv-E,) [40], the optical band gaps (E,) of
pristine BiVO,, SnS, and SnS,/BiVO, composites were
calculated. Here «a, h, v, represent absorption coefficient,
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Fig.4 a UV-DRS spectra of SnS,, BiVO,, and SnS2/BiVO, nanocomposites, b Tauc’s plot of SnS,, BiVO,, and SnS,/BiVO,.

Planck constant, irradiation frequency, whereas A, Eg and
n represent the absorption constant, gap energy and a con-
stant, respectively. Combining SnS, (E, =2.2 eV) with
BiVO, (E, = 2.41 eV) results in a red shift in the val-
ues of the band gap to 2.39 eV, 2.36 eV and 2.34 eV for
0.10SnS,/BiVO,, 0.15SnS,/BiVO, and 0.20SnS,/BiVO,
composites respectively (Fig. 4b). Thus, it can be inferred
that optical band-gaps of heterostructure composites can
be finely tuned by regulating the weight ratios of the two
semiconductors.

@ Springer

3.5 BET Analysis

The textural features of BiVO, SnS, and 0.155nS,/BiVO,
were determined from BET isotherm surface area and Bar-
rett-Joyner-Halenda (BJH) pore size distribution curves
and the results are presented in Fig. 5. All isotherm curves
(Fig. 5a) are related to type-IV with H3 hysteresis. The
specific surface area of BiVO, SnS, and 0.15SnS,/BiVO,
are determined as21.2m?g~!, 51.4m%g~!, and34.6m?g~!,

respectively, while their pore volumes are 0.02 cm3g™!,
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Fig.5 Nitrogen adsorption-desorption isotherms and pore size distri-
bution plots (inset) of SnS,, BiVO, and 0.15SnS,/BiVO, NCs.

0.12 cm3g™!, and 0.03 cm®g~!, respectively (Table. S2).
The pore size distribution curves (Fig. 5b) show pore size
distribution between 3 and 9 nm, which further substanti-
ates its mesoporous characteristics. Compared to BiVO,, the
specific surface area and pore volume of 0.155nS,/BiVO, is
more, which is attributable to deposition of SnS, on the nan-
oplates of BiVO,. Such mesoporous texture can be an advan-
tage for improving its adsorptive photocatalytic efficiency.

3.6 Photocatalytic Measurement

The impact of photocatalyst dose on the photocatalytic per-
formance was investigated by treating the aqueous solution
CIP with different amounts of photocatalyst, i.e., 40—80 mg
of photocatalyst per 100 mL under the same experimental
environment as mentioned above. The degradation rate and
removal efficiency were first increased with the increase in
the photocatalyst dose from 0.4 mg/mL (k=0.0044 min~")
to 0.6 mg/mL (k=0.0184 min~!) and then decreased for the
dose 0.8 mg/mL (k=0.0115 min~") (Fig.S1). The impact of
the change in concentration of CIP solution has been inves-
tigated by changing the initial concentration of CIP solu-
tion from 10 to 30 mg/L. The decrease in the photocatalytic
performance was observed with the increase in CIP con-
centrations from 10 mg/L (k=0.0184 min~') to 30 mg/L
(k=0.0041 min~") (Fig.S1). A complete photocatalytic deg-
radation study was performed with a photocatalyst dose of
60 mg per 100 mL aqueous solution of CIP (10 mg/L).
Photocatalytic degradation efficacies of pristine BiVO,,
SnS, and batches of SnS,/BiVO, composites were tested
against ciprofloxacin drug (10 mg/L™"). The photocatalytic
test was performed under natural sunlight. The degradation
profile of CIP under sunlight irradiation by SnS,/BiVO,
NCs, BiVO, irregular nanoplates, and SnS, nanoplates

are showed in Fig. 6b. Ciprofloxacin shows negligible
self-degradation without any catalyst, whereas the pristine
SnS, and BiVO, displayed poor photocatalytic efficiency
toward the CIP degradation after 105 min of sunlight irra-
diation. From all the batches prepared the optimized batch
0.15SnS,/BiVO, shows the highest photocatalytic degrada-
tion efficiency towards the CIP, which was about 92% after
105 min of sunlight irradiations. The degradation rate and
removal efficiency were first increased with the increase in
the amount of SnS, added from 0.10 wt% to 0.15 wt% in
SnS,/BiVO, NCs. The possible reason for this increase may
be the better separation and transmission of photogenerated
e -h* pairs. When the amount of SnS, is further increased
from 0.15 wt% to 0.20 wt%, the active sites present on the
BiVO, will be occupied, due to which the light absorption
tendency has been reduced, leading to a decrease in photo-
catalytic efficiency.

Moreover, the degradation mechanism was estimated by
fitting time-dependent CIP degradation data with a pseudo-
first-order: In(C,/C) =kt, as shown in Fig. 6¢, where Cj is the
initial concentration of CIP, C is the concentration at a pre-
selected time t, and the k is apparent reaction rate constant
(Table 1). The optimized batch 0.155nS,/BiVO, exhibited
the highest apparent rate constant (k=0.0184 min~!), which
is 3.75 and 7.66 times of BiVO, (k=0.0049 min~") and SnS,
(k=0.0024 min~"), respectively. Figure 6a shows the cor-
responding UV—vis absorption spectrum of CIP degraded
by the optimized batch 0.15SnS,/BiVO, under sunlight irra-
diation. The decrease in the intensity of absorption peak of
CIP (276 nm) was observed over 105 min period of sunlight
irradiation.

3.7 Radical Trapping Experiment

To determine the involvement of in-situ generated ROS by
0.15SnS,/BiVO, heterojunction composite towards CIP deg-
radation, specific ROS scavenging studies were performed.
Various ROS scavengers like, chloroform (ImM) [41],
ammonium oxalate (AO, 1mM) [42], and isopropyl alcohol
(IPA ImM) [43], were used as the quenchers for 02_', ht,
and eOH radicals respectively (Fig. 6d). The photocatalytic
performance of 0.15SnS,/BiVO, significantly decrease
with the addition of chloroform, whereas similar observa-
tion was obtained after the addition of ammonium oxalate
as a quencher. However, in case of IPA as a quencher slight
considerable decrease in the degradation rate was observed,
which indicate that superoxide anion radical (02“) and hole
(h™) play more pivotal role than hydroxyl (¢OH) radicals in
degradation process.

Apart from the excellent photocatalytic degradation
performance, the re-usability, and leaching of the differ-
ent metal species during the photocatalytic degradation
were also playing a major role in the application. Figure 7a
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Fig.6 (a) UV-vis absorption spectrum of CIP solution in presence
of 0.155nS,/BiVO,, (b) degradation plot of CIP by SnS,, BiVO,
and SnS,/BiVO, nanocomposites, (¢) corresponding pseudo-first-

Table 1 Summary of the photocatalytic degradation experiments.

Sample name Ads % Deg % First-order kinetics

(CIP)

k R?

(min~ 1)
0.20SnS,/BiVO, 24% 81% 0.0125 0.996
0.15SnS,/BiVO, 30% 92% 0.0184 0.991
0.10SnS,/BiVO, 22% 69% 0.0087 0.994
BiVO, 15% 49% 0.0049 0.993
SnS, 14% 32% 0.0024 0.995
Blank NA 10% 0.0010 0.986

NA: Not Applicable

shows the re-usability of 0.155nS,/BiVO, photocatalyst
for the photocatalytic degradation of CIP up to five cycles,
which shows a similar type degradation pattern in each
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cycle, reflecting the photocatalyst’s high stability. The
excellent structural stability of the 0.155nS,/BiVO, pho-
tocatalyst was further confirmed by the unchanged XRD
pattern (Table S3) and morphology of pristine and used
photocatalyst (Fig. 7b-c). Further, the toxicity level of the
used 0.15SnS,/BiVO, photocatalyst was accessed by the
amount of leached metal species, i.e., Bi, V, and Sn, using
the ICP-OES technique. The respective calibration plots
of Bi, V, Sn, and S were used to determine the amount of
leached concentration (Fig. S2 of Supporting Information).
It is observed that the leaching concentrations correspond
to ~0.93% Bi (306 ng/L), 1.5% V (295.12 pg/L), and 0.8%
Sn (285.32 pg/L) of the total weight of the catalyst, which
is well within the permissible limits (Table S4).
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Fig.7 a Recyclability experiment; b XRD and ¢ FESEM image of the recycled photocatalyst

3.8 Photocatalytic Mechanism

The photoluminescence spectra of BiVO,, 0.10SnS,/
BiVO,, 0.155nS,/BiVO,, and 0.20SnS,/BiVO, nanocom-
posite exhibit broad spectra with a peak at a wavelength
of ~514 nm. From Fig. 8a, it is clearly visible that BiVO,
owns a strong PL emission peak at ~514 nm, while the
emission peaks of the SnS,/BiVO, nanocomposites show
a decrease in PL intensity as compared to that of BiVO,.
These results indicated that the recombination of charge car-
riers is strongly suppressed in SnS,/BiVO, and it favoured

—
Q
—

the interfacial charge transfer in SnS,/BiVO, because of
heterojunction formation. These separated charge carriers
move to the surface and react with the molecular oxygen and
water to form reactive oxygen species (ROS) [44]. To verify
the efficient charge transfer of SnS,, BiVO, and 0.15SnS,/
BiVO, nanocomposites, the photocurrent, and EIS charac-
terizations of SnS,, BiVO,, and 0.155nS,/BiVO, nanocom-
posite were performed and results are shown in Fig. 8b-c
respectively. The SnS, and BiVO, exhibits a low photocur-
rent attributing to heavily charge recombination. However,
the photocurrent performance of 0.15SnS,/BiVO, NCs was
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Fig.8 a PL spectra of BiVO,, 0.10SnS,/BiVO, NCs, 0.155nS,/BiVO, NCs, and 0.20SnS,/BiVO, NCs, b photocurrent, ¢ EIS of BiVO,, SnS,

and 0.155nS,/BiVO, and, ¢-d Mott-Schottky plot of BiVO, and SnS,
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Scheme 1 Possible photocatalytic degradation mechanism of CIP over SnS,/BiVO, nanocomposite under sunlightirradiation (a) traditional type-

II heterojunction, (b) Z-scheme type

higher than individual components SnS, and BiVO,, which
demonstrates that the 0.155nS,/BiVO, can separate electron-
hole pairs more effectively. The charge carrier mobility of
BiVO,, SnS,, and SnS,/BiVO, nanocomposite was further
evaluated by EIS Nyquist plot (Fig. 8c). The radius of the
impedance arc for 0.155nS,/BiVO, was minimum as com-
pared to that of BiVO, and SnS, (Fig. 8c). Smaller imped-
ance arc of 0.15SnS,/BiVO,, attributed to high electron-hole
separation or high interface charge transfer [45]. Therefore,
the rapid charge separation and the transport of charge car-
riers in 0.15SnS,/BiVO, result in enhanced photocatalytic
performance [46, 47].

In this work, a Mott—Schottky experiment was performed
to determine the positions of the E; and Ey of SnS, and
BiVO,, and to analyze the charge transfer route. The Mott-
Schottky curve can be obtained by using the equation (Sec-
tion S3) and plotting 1/Cs>-E with potential corresponding
to 1/Cs? [48]. As shown in Fig. 8d-e, for SnS, and BivQ,,
the intercepts of the linear region and X-axisis —1.11 V and
+0.48 V (vs. Ag/AgCl), respectively [49]. Therefore, the
E g of SnS, and BiVO, will be —0.89 V and +0.70 V vs.
NHE, respectively. Meanwhile, the Ey; of SnS, and BiVO,
is+1.31 Vand +3.11 V vs. NHE respectively.

As the E; of SnS, shows more negative potential than
BiVO,, the electron from the E -5 of SnS, migrates to the Eyp
of BiVO,, according to the type-II heterojunction system. In
this type of charge transfer mode, the electron present in the
Ep of BiVO, could not reduce O, into a superoxide radical
anion (O, *) because the E of BiVO, has more positive
potential than that of the superoxide radical anion (O, *,
—0.33 eV vs. N.-H.E) [50]. Thus, the electron migration in

@ Springer

type-1I heterojunction is not favorable for producing the
superoxide radical anion, which is the main reactive oxy-
gen species responsible for the degradation of CIP, accord-
ing to the radical trapping experiment (Scheme 1b). Based
on the above characterization results, a possible Z-scheme
mechanism for the degradation of antibiotics using SnS,/
BiVO, heterojunction photocatalyst was proposed, as shown
in scheme-1a-b. Under sunlight irradiation, both SnS, and
BiVO, absorb visible light photons to produce photogen-
erated ¢ and h*. In SnS,/BiVO, heterojunction, the pho-
togenerated e in the E of BiVO, (e-z) would migrate to
E\ of SnS, to recombine immediately with the photogen-
erated holes (/7,), while the Ey holes of BiVO, remain
on it to oxidize CIP directly. In addition, the e in the Eg
of SnS, could easily migrate to the O, molecules adsorbed
on the surface SnS,/BiVO, heterojunctions to produce the
strong oxidant i.e., superoxide radicals that oxidize CIP.
The photogenerated charge carrier transfer process can be
described as:

4 Conclusion

A Z-scheme SnS,/BiVO, heterogeneous photocatalyst with
excellent photocatalytic efficiency towards CIP degradation
under natural sunlight was synthesized by in-situ hydro-
thermal method. The apparent rate constant for CIP pho-
tocatalytic degradation by 0.15SnS,/BiVO, photocatalyst
was about 4.83 times and 6.41 times higher than that of the
BiVO, photocatalyst. The enhanced photocatalytic perfor-
mance is attributed to the improved visible light response
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and efficient charge separation due to the formation of a
Z-scheme heterojunction. The excellent re-usability and
chemical stability of SnS,/BiVO, nanocomposite make it
an effective photocatalyst for the removal of antibiotics from
wastewater.
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