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KEYWORDS Abstract Herein, novel S-scheme heterojunction of Ni doped SnS, (Ni-SnS,)/BiOBr (NSB) with
BiOBr: 2D/2D structures was fabricated by a solvothermal-precipitation route, where 2D BiOBr nanoflakes
Ni doped SnSy: were intimately deposited on the 2D Ni-SnS, nanosheets surface. The obtained 2D/2D NSB com-
S-scheme; posite presented largely boosted photocatalytic performances for tetracycline hydrochloride (TC)
2D/2D photocatalyst; and dye decomposition compared to single catalyst. The optimized 20% Ni-SnS,/BiOBr (NSB-
Pollutants degradation 20) displayed the largest rate constant (0.0488 min~'), which was ca. 2.07 and 44.36 folds those

of pure BiOBr and Ni-SnS,, respectively. In addition, it possessed good stability. The improved
activity could be ascribed to excellent optical response, high contact areas and 2D/2D S-scheme
heterostructures, which expedited efficiently separation and transfer of photocarriers. Furthermore,
the effect of some factors on TC degradation was examined and possible degradation routes of TC
were proposed. Finally, S-scheme charge transfer mechanism for NSB composite was put forward
on the basis of band structure analysis, electron spin resonance (ESR), in situ XPS along with DFT
calculations. This investigation contributes to exploit S-scheme 2D/2D materials for environmental
remediation.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In recent years, immoderate discharge of various antibiotics and
organic dyes in water has brought about huge threat to the human
health and ecosystem (Jia, X. et al., 2020; Liu, P. et al., 2021; Song,
S. et al., 2020). To eliminate these pollutants from aquatic environ-
ment, a multitude of treatment processes have been utilized, such as
physical adsorption (Li, Q. et al., 2017), biological treatment
(Wisniewska, M. et al., 2021), combustion (He, C. et al., 2023) and
electrochemical oxidation (Cotillas, S. et al., 2018). Among them,
semiconductor-based photocatalysis process has been regarded as
one of the most powerful technologies to degrade contaminants owing
to its advantages of easy operation, low cost, environmentally friendly
and high efficiency (Hasanvandian, F. et al., 2022; Hasanvandian, F.
et al., 2022; Zhang, B. et al., 2021; Zhang, C. et al., 2022). During
the last decades, some popular photoactive materials, for example,
TiO, and ZnO have attracted extensive attention due to their various
advantages including strong oxidation ability, good stability and low
cost (Shanmugaratnam, S. et al., 2021; Wang, Z. et al., 2019). Never-
theless, the photoactivities were greatly restricted by some defects such
as wide band gap. To take full advantage of natural sunlight, exploring
novel and efficient visible light (VL) responsive catalyst has become the
hotspots of research (Zhang, B. et al., 2021). Until now, numerous
visible-light-response photocatalysts, such as In,S; (Murugalakshmi,
M. et al., 2022), Bi,MoOg (Li, M. et al., 2020), BiOI (Yang, J. et al.,
2021) etc., have been developed and applied in photocatalytic
reactions.

Among them, Bismuth oxyhalides (BiOBr) with special 2D layered
structure has become one of the most studied photocatalytic materials
because of its remarkable advantages, like moderate bandgap
(~2.7 eV), non-toxicity, easy preparation, and reliable stability (Sin,
J.-C.etal., 2021; Tang, Q.Y. et al., 2021; Zhao, W. et al., 2021). BiOBr
has been extensively employed as photocatalyst for H, production
(Chang, C.-J. et al., 2022), CO, photoreduction (Meng, J. et al.,
2022; Zhou C et al., 2021), as well as organic pollutants degradation
(Zhang et al., 2021). Unfortunately, single BIOBr showed low degrada-
tion efficiency because of low VL utilization and severe recombination
of photocarriers (Senasu, T. et al., 2021; Wu, Y. et al., 2022). To sur-
mount these problems, researchers have investigated various strategies,
such as facet engineering (Meng, J. et al., 2022), element doping (Lv,
X. et al., 2020; Wu, Y. et al., 2022), and heterojunction formation
(Liang, L. et al., 2020; Ling, Y.L. et al., 2020; Ni, J. et al., 2021).
Among all, building BiOBr-based S-scheme heterojunction has taken
as an attractive way for improving its photocatalytic efficiency (Dou,
X.etal., 2022; Dou, X. et al., 2022; Zhang, T. et al., 2021). Generally,
the S-scheme system is mainly constituted by a reduction photocatalyst
and an oxidation photocatalyst with staggered band structures (Zhang,
X. et al., 2022). After contacting in the dark, the electrons from the
reduction catalyst migrate to the oxidation catalyst across the inter-
face, leading to the formation of an internal electric field (IEF) at
the hetero-interface (Zhang, Y. et al., 2022). Driven by the IEF, the
high-energetic photoinduced charge carriers with strong redox ability
are effectually segregated and preserved for redox reactions (Li, S.
et al., 2023). Thus, the S-scheme photocatalytic system can display
preferable photocatalytic activity. Very recently, a few S-scheme com-
posite catalysts with excellent photocatalytic behaviors have been syn-
thesized and reported (Li, S. et al., 2022; Shao, B. et al., 2022; Su, Y.
et al., 2022). For instance, the novel S-scheme TiO,/CsPbBr; was got
by electrostatic-driven self-assembling way, which displayed an
enhanced activity toward CO, photoreduction under VL illumination
(Xu, F. et al., 2020). Zhang and coworkers have prepared S-scheme
WOs3/BiOBr hybrid photocatalyst enriched with oxygen vacancy,
which displayed raised photocatalytic efficiency (Zhang, X. et al.,
2022).

As we all know, the photocatalytic property of catalyst was closely
related with its microstructures, and the construction of 2D/2D
heterostructures system was believed a promising tactic in efficiently
strengthening photocatalytic efficiency since it can increase contact

interface area, shorten transmission distance of charge, and facilitate
charge transfer and separation (Li, Y. et al., 2021; Yang, H. et al.,
2019). To date, there were lots of investigations focused on 2D/2D
heterojunction with preferable photocatalytic property (Li, Y. et al.,
2021; Shao, B. et al., 2021; Wang W et al., 2021). For example, Fan
and his group reported that 2D/2D BiOBr/g-C;N, heterostructures
synthesized by in situ self-assembly route exhibited outstanding activ-
ity in dyes degradation and H, production (Zhang, B. et al., 2021).
SnS,, a typical Cdl,-type 2D material with a relatively narrow band-
gap (2.1-2.3 eV), possesses wide visible light absorption and good
chemical stability (Yin, S. et al., 2021; Zai, J. et al., 2021), which makes
it a promising visible light-active candidate for the pollutants degrada-
tion (Zhou, J. et al., 2020), Cr(VI) reduction (Zhao, W. et al., 2021)
and water splitting (Zhao, W. et al., 2021). Hence, SnS; has been intro-
duced to the photocatalysis system to enhance photocatalytic activity
both for hydrogen generation and pollutant removal (Liu, E. et al.,
2018; Liu, H. et al., 2018). Besides, the energy levels of SnS, matched
well with those of BiOBr, which plays a cooperative role in the excitons
dissociation. Some previous investigations have combined BiOBr with
SnS, forming SnS,/BiOBr and SnS,/RGO/BiOBr to achieve higher
photocatalytic efficiencies (Qiu, F. et al., 2017; Zhang, R. et al.,
2021). In addition, it is suggested that reduced band gap, enhanced
light absorption and boosted photocatalytic performance was achieved
when Sn** was replaced by Ni** in Ni-doped SnS, (Ni-SnS,) (Chen,
D. et al., 2019). It would be very interesting and meaningful to fabri-
cate 2D/2D Ni-SnS,/BiOBr S-scheme heterojunction for water treat-
ment. However, there is little report that has adopted Ni-doped SnS,
to form heterojunctions with BiOBr for photocatalytic reaction until
now.

Motivated by the above studies, for the first time, we designed and
fabricated the S-scheme 2D/2D Ni-SnS,/BiOBr (NSB) heterojunction
via in-situ growth of BiOBr nanoflakes on the Ni-SnS, microspheres
surface. The physical-chemical and optical-electrical property of the
composite materials was researched through multiple characterization
techniques. The 2D/2D NSB had higher surface area, abundant active
sites, and improved optical-harvesting capability. Thereby, the S-
scheme NSB composite presented dramatically improved photocat-
alytic performance and stability in decontamination of Tetracycline
(TC) and Rhodamine B (RhB) under VL illumination with respect
to single catalyst. Furthermore, the S-scheme photocatalytic mecha-
nism and the generation of active species were explored and analyzed.

2. Experimental

2.1. Fabrication of Ni-SnS, microspheres

The Ni-SnS, microspheres were fabricated via a one-pot
solvothermal route (Chen, D. et al., 2019). Specifically, 2 mmol
of SnCly-5H,0 and 4 mmol L-cysteine was dispersed in 60 mL
of distilled water (DW) under stirring for 30 min. Then, 800 pL
of 0.05 M NiCl,-6H,O solution was added dropwise into the
above solution. After stirring for 30 min, the solution was sus-
tained at 160°C for 24 h in a 100 mL stainless steel autoclave.
Subsequently, the resulting products were washed with DW
and ethanol four times, and then dried at 333 K for 12 h in
a vacuum oven. The sample of pristine SnS, was fabricated
via a similar method, but without addition of NiCl,-6H,O
solution.

2.2. Preparation of 2D/2D Ni-SnS,/BiOBr composites

The 2D/2D Ni-SnS,/BiOBr nanohybrids were synthesized
through an in-situ precipitation route. Specifically, the as-
prepared Ni-SnS, microspheres were added into 10 mL DW
and ultrasonically dispersed for 30 min to form solution A.
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Meanwhile, 4 mmol KBr was dissolved in 20 mL ethylene gly-
col, which was then slowly added to solution A with magnetic
stirring. Then 20 mL ethylene glycol containing 4 mmol Bi
(NO3)385H,0 was dispersed into the mixed solution under stir-
ring for 3 h. After this stage, the resulting product was cen-
trifuged, washed and dried under vacuum at 333 K for 12 h.
The Ni-SnS,/BiOBr (named as NSB) composites with different
mass percentage of Ni-SnS, were prepared by adding various
weight of Ni-SnS, (0.1355, 0.3048 and 0.5227 g). The corre-
sponding photocatalysts were designated as NSB-10, NSB-20
and NSB-30, respectively. For comparison, the SB-20 (un-
doped Ni catalysts) sample containing 20 wt% SnS, and
80% BiOBr was also prepared as aforementioned route. The
preparation process of 2D/2D NSB was depicted in Scheme 1.

2.3. Characterization, photocatalytic measurements and
calculations

Detailed information on characterization, photocatalytic per-
formance tests and density functional theory (DFT) calcula-
tions can be found in the supporting information.

3. Results and discussion

3.1. Structure and phase study

XRD patterns were depicted in Fig. la to uncover the phase
and crystallographic structures of the samples. The diffraction
peaks of SnS, were agreed with a hexagonal SnS, (JCPDS No.
23-0677) (Chen, D. et al., 2019). The four noticeable peaks at
15.0°, 28.2°, 32.1° and 50.0° may correspond to the (001),
(100), (101) and (110) planes of hexagonal SnS,, respectively.
The as-synthesized Ni-SnS, showed the same XRD patterns to
the SnS,, suggesting the doping of Ni>* has no effect on the
crystallographic structure of the SnS2. The diffraction peaks
of single BiOBr were in line with the tetragonal BiOBr phase
(JCPDS No. 09-0393) (Miao, Z. et al., 2022). As expected,
the diffraction peaks belonged to both Ni-SnS, and BiOBr
was detected in the NSB nanohybrids. With the increase of
Ni-SnS, content, the diffraction peaks intensity assigned to
Ni-SnS, increased, while the corresponding peak intensity of
BiOBr become weaker. These results revealed their coexistence
and the retained crystal structure in the composite samples.
Moreover, no impurity peak was detected in the composite
materials, suggesting their high purity.

In order to determine the functional groups of the samples,
the Fourier transform infrared (FTIR) spectroscopy was con-
ducted. In Fig. b, Ni-SnS, and SnS, samples presented very
similar profiles, indicating that Ni doping did not change the
chemical structure of SnS,. The two peaks were observed at
3418.5 and 1622.1 cm™!, which were assigned to stretching
vibration of the O-H bond (Arunkumar, M. et al., 2021).
The peak located at 2934.6 cm ™' was associated with stretch-
ing vibrations of C-H in CH, (Chen, D. et al., 2019). In addi-
tion, the characteristic peaks located at 512 and 870.3 cm ™
were attributed to the stretching vibration of Bi-O (Wang, X.
et al., 2021; Zhang, X. et al., 2022), while the absorption bands
at 1389.38 cm™' arose from the vibration of Bi-Br (Wu, Y.
et al., 2022). All NSB samples had a similar spectrum to that
of BiOBr, and the characteristic peak for Sn-S appeared at
6552 cm™! (Arunkumar, M. et al., 2021).

To study the morphological and microstructural features of
the as-prepared composites, the NSB-20 that presented the
highest photoactivity was selected for SEM and TEM
(HRTEM) characterizations. For comparison, single-phase
catalyst was also researched by SEM. Obviously, Ni-SnS,
(Fig. 2a) presented uniform flower-like microspheres structures
with size of 2-3 um, which were composed of many interleav-
ing nanosheets. The special 3D structures can not only
improve optical absorption but also supply abundant catalytic
active sites for photocatalysis reaction, thereby conducive to
upgrade photocatalytic performance (Zhang, L. et al., 2020;
Zhao, W. et al., 2021). Fig. 2b shows the aggregation morphol-
ogy of irregular BiOBr nanoflakes with a size of about 200—
300 nm. The morphology of NSB-20 hybrid material was dis-
played in Fig. 2c-d. Obviously, numerous BiOBr nanosheets
were uniformly immobilized on the surface of Ni-SnS, micro-
spheres after the synthesis process, leading to the formation of
a unique hierarchical structure. TEM and HRTEM images
were used to further study the morphology and structure of
the as-synthesized material (Fig. 3a-3b). Fig. 3a discloses that
masses of untrasmall BiOBr nanosheets with diameters
of ~ 8 nm were evenly dispersed on the Ni-SnS, surface. It
can be deduced that BiOBr nanosheets were anchored on the
Ni-SnS, surface during precipitation process, which leads to
the successful construction of NSB-20 heterostructures.
HRTEM images in Fig. 3b displayed the lattice stripe spacing
of 0.308 and 0.336 nm was in line with the (110) plane of Ni-
SnS, and (011) plane of BiOBr, respectively, well agreeing
with the XRD analysis. Moreover, there was a clear intimate
contact interface between BiOBr and Ni-SnS, (Fig. 3b), which
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Schematic diagram of the formation process of NSB composite.
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Fig. 2

was conducive to  charge carriers transmission  between Ni-
SnS, and BiOBr. Additionally, the EDS elemental mapping
clearly illustrated that the Ni, Sn, S, Bi, O and Br elements
homogeneously distributed in the NSB-20 composite (Fig. 3-
c-h), which also supports the fact that the successful introduc-
tion of elemental Ni. All these outcomes affirm the successful
construction of 2D/2D NSB-20 heterojunction.

XPS tests were applied to further research the chemical
composition and states of Ni-SnS,, BiOBr, and NSB-20 photo-
catalyst (Fig. 4). The survey scan XPS spectra (Fig. S1) of
NSB-20 displayed the presence of Ni, Sn, S, Bi, O, and Br ele-
ments, suggesting Ni-SnS, and BiOBr were successfully com-
bined. As displayed in the Ni 2p spectrum (Fig. 4a), the
characteristic peaks at 874.38 eV and 871.96 eV represented
the existence of NiZ™ (Chen, D. et al., 2019; Thangasamy, P.
et al., 2017), indicating the Ni** was successfully doped into
the Sn** sites of SnS,, consistent with previous study.
Fig. 4b depicts double peaks at 486.45 and 494.89 eV for Ni-
SnS, corresponded to Sn 3ds, and Sn 3dsp, respectively

80

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

(a) X-ray diffraction patterns and (b) FTIR spectra of SnS,, Ni-SnS,, BiOBr and NSB composites.

500 nm

SEM images of (a) Ni-SnS,, (b) BiOBr and (c, d) NSB-20 composite.

(Kumar, G. et al., 2022; Zhao, W. et al., 2021), which implied
the existence of Sn** in the Ni-SnS,. S 2p XPS spectrum
(Fig. 4c) of Ni-SnS, presents double peaks at 160.94 and
162.11 eV, agreeing with S* in the Ni-SnS, (Li, W. et al.,
2021; Zhang, F. et al., 2021). With respect to that of SnS,,
the binding energy of NSB-20 on S 2p and Sn 3d increased
slightly. In Fig. 4d, the O 1 s spectrum of BiOBr can be decon-
voluted into three peaks at 530.67, 531.58 and 532.64 eV. The
peak at 530.67 eV was relates with Bi-O bonds, while the peaks
centered at 531.58 and 532.64 eV matched with the chemi-
sorbed oxygen species (Miao, Z. et al., 2022; Zhang, X.
et al., 2022; Zheng, H. et al., 2022). As shown in Fig. 4e, the
Bi 4f peaks located at 159.49 and 164.79 eV correspond to
Bi 4f;,, and Bi 4f5, of Bi®™, respectively (Chen, N. et al.,
2022; Liu, Y. et al., 2022; Miao, Z. et al., 2022). Fig. 4f displays
the XPS of Br 3d, double characteristic peaks at 68.53 and
69.51 eV were indexed to the binding energy of Br 3d in BiOBr
(Chang, C.-J. et al., 2022; Du, C. et al., 2022; Liu, Y. et al.,
2022). The XPS peaks of both Br and Bi in NSB-20 showed
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a minor shift to lower energies in contrast to those in the single
BiOBr. Overall, all of these peaks shifted indicate that there
might be strong chemical interaction between BiOBr and Ni-
SnS, (Ni, J. et al., 2021; Sin, J.-C. et al., 2021; Zhang, X.
et al., 2022).

The UV-vis DRS were collected to reveal optical absorp-
tion ability of catalysts and displayed in Fig. 5a. The Ni-
SnS, sample exhibited enhanced optical absorption com-
pared with bare SnS, in the VL region, implying Ni doping
can increase light reaping, which is conducive to boost pho-
tocatalytic performance. The absorption edge of BiOBr was
about 450 nm, which agreed well with the previous report
(Yu, H. et al., 2021). As expected, the optical absorption
of the composite became stronger in comparison with pris-
tine BiOBr in the whole range of 250-800 nm, suggesting
loading of Ni-SnS, can largely enhance light absorption of
BiOBr, which is of great promise to be efficient VL-driven
catalysts. The band gaps (E,) of SnS,, Ni-SnS, and BiOBr
were calculated as 2.03, 1.89 and 2.72 eV, respectively, based
on the Tauc plot (Fig. 5b). For determining the conduction
band potential (Ecg) of samples, the flat band (Eg,) potential
of Ni-SnS, and BiOBr was researched by Mott-Schottky
(MS) plots (Chen, C. et al., 2021; Senasu, T. et al., 2021).
The positive slope of the MS curves denoted that both Ni-
SnS, and BiOBr were n-type semiconductors (Fig. 5c). In
addition, the Eg, potentials of Ni-SnS, and BiOBr were ca.
—0.97 and —0.24 V vs. Ag/AgCl, respectively. A potential
conversion between Ag/AgCl and NHE was given by

(a) TEM image, (b) HRTEM image and corresponding elemental analyses: (c) Ni, (d) Sn, (e) S, () Bi, (g) O and (h) Br of NSB-20

Enpe = EAg/AgCl + 0.197 (Ll, S. et al., 2022) Hence, the
Ep potentials of Ni-SnS, and BiOBr were computed as
—0.77 and —0.04 V vs. NHE, respectively. The Ecp of n-
type semiconductor was ca. 0.1 V higher than the Eg, (Li,
S. et al., 2022). Therefore, the Ecg of Ni-SnS, and BiOBr
were computed as —0.87 and —0.14 V vs. NHE, respectively.
Then, the valence band (Eyp) of samples can be determined
by the formula: Eyg = Ecg + E,. Hence, the Eyg of Ni-
SnS, and BiOBr were calculated as 1.02 and 2.58 V vs.
NHE, respectively. Thereupon, the band positions of the
catalysts are obtained and displayed in Fig. 5d. Obviously,
Ni-SnS, and BiOBr possess staggered band structure, which
is a prerequisite for the construction of S-scheme
heterojunction.

3.2. Photocatalytic property

The photoactivity of catalyst was appraised via decomposition
of TC and RhB under VL irradiation. Prior to irradiation, cat-
alyst and the pollutant solutions were fully blended with stir-
red magnetically 60 min in darkness to achieve adsorption—
desorption equilibrium. From the Fig. S2, it can be seen that
the NSB composites presented superior adsorption property
in comparison with single catalyst, and NSB-20 owned the
strongest adsorption ability, which could be due to the highest
specific area of NSB-20 (Fig. S5). Furthermore, the concentra-
tions of both TC and RhB solution was not changed after
30 min, implying that the influence of adsorption on the
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photodegradation reactions was ignorable. Fig. 6(a) depicts
the degradation of TC over the as-prepared samples under
irradiation of visible light. The blank tests suggested that pho-
tolysis of TC can be ignored. Single SnS, exhibited poor pho-
todegradation capability for TC due to the strong
recombination of photocarriers, whereas Ni-SnS, could
degrade TC relatively quickly, suggesting that the introduction
of Ni ions can boost the activity of SnS,. Pristine BiOBr dis-
played not ideal photoactivity. Inspiringly, these NSB hybrid
materials all presented higher photodegradation ability against
TC (83.60% for NSB-10, 96.18% for NSB-20, and 91.99%
NSB-30) than single BiOBr (75.77%), Ni-SnS, (7.6%) and
the physical mixture (42.3%). The improvement of photoactiv-
ity could be due to the successful construction of 2D/2D NSB
S-scheme heterojunction. Very impressively, the best-
performing photocatalysts was NSB-20, indicating that the
Ni-SnS, content in composites had a significant influence on
their photocatalytic behaviors. Notably, the photodegradation
capacity of NSB-20 was higher than that of SB-20 (86.4%
degradation efficiency), highlighting the vital role of Ni ions
in enhancing the photoactivity of catalysts (Chen, D. et al.,

2019). Fig. S3 depicts the UV-vis absorption spectra of TC
over NSB-20 composite. The main absorption peak decreased
largely with time prolonging, implying TC molecules were
quickly degraded by NSB-20. Besides, the mineralization effi-
ciency of TC by NSB-20 nanohybrid was researched via total
organic carbon (TOC) analysis. Fig. S4 presents that the min-
eralization efficiency of TC reached 82.85% after 120 min,
indicating NSB-20 can effectively mineralize TC. The reaction
kinetic of TC decomposition was researched through pseudo-
first order kinetic model -In(Cy/Cy) = kt, where k, t, Cy, and
Cy denote the rate constant, radiation time, the concentration
of pollutants at times t and 0 min, respectively (Hayati, F.
etal., 2022; He, S. et al., 2021). Fig. 6b shows that the rate con-
stant of 2D/2D NSB-20 was 0.0488 min~!, which runs up to
44.36 and 2. 07 times as much as than those of 2D Ni-SnS,
(0.0011 min~") and 2D BiOBr (0.0235 min~"), respectively.
When the content of Ni-SnS, rose from 20% to 30%, the k val-
ues declined from 0.0488 min~' to 0.0389 min~', which might
be owing to the fact that excess Ni-SnS, could serve as recom-
bination centers, hindering the separation of photogenerated
charge.
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In addition, NSB composites also displayed outstanding
photocatalytic activity for RhB degradation. The degradation
ratio for RhB on 2D/2D NSB-20 could reach 99.75% after
25 min illumination (Fig. 6¢), while the removal rate was only
4.30% and 84.62% when the Ni-SnS; and BiOBr sample were
employed as the catalyst, respectively. Fig. 6d presents the cor-
responding rate constants, the order of k from high to low was
NSB-20 > SB-20 > NSB-30 > NSB-10 > BiOBr > Ni-Sn
S, > SnS,. The k value of NSB-20 (0.1894 min ') was approx-
imately 65.3 and 2.70-folds exceeding of Ni-SnS,
(0.0029 min~") and BiOBr (0.0701 min~"), respectively, further
demonstrating the synthesized 2D/2D NSB-20 heterojunction
possessed much higher photoactivity than single-phase cata-
lyst, which can be used as an efficient photocatalyst for poten-
tial wastewater treatment. It is worth noting that the
photocatalytic performance of 2D/2D NSB-20 outperforms
or is comparable to a wealth of BiOBr-based composite cata-
lysts (Table S1).

The stability and reusability were crucial for an excellent
photocatalyst. Thereby, the durability and reusability of sam-
ple was appraised with the recycle experiment of NSB-20
nanohybrid. As displayed in Fig. 6e, the NSB-20 nanohybrid
still kept high photoactivity (about 90%) with slight decrease
after four runs, suggesting the 2D/2D NSB-20 composites
was relatively stable in photocatalytic degradation processes.
The decreased efficiency may result from the loss of catalyst
during the experiment process. In addition, the XRD patterns
(Fig. 6f) showed the characteristic peaks do not differ in any
significant way after the cycling experiments. These outcomes
implied the reusability and stability of the 2D/2D NSB-20
hybrid photocatalysts.

The N, adsorption—desorption isotherm and pore size dis-
tribution diagrams of all catalysts were shown in Fig. S5.

Table S2 depicts the surface area, pore volume, and average
pore size. Thereinto, except NSB-10 catalyst, all catalysts
had similar average pore sizes, due to the dominant micropore
structure of these catalysts. However, the composition and
morphology of these catalysts were different, the average pore
size cannot represent the photocatalytic performance. Con-
cretely, the Ni-SnS; catalyst had a porous flower-like structure,
while the BiOBr catalyst showed nanosheets structures with a
small number of pore structures. When Ni-SnS, was intro-
duced into BiOBr, the flower-like structures composed of a
large number of pieces can be obtained. Whereas, compared
with other catalysts, the NSB-10 catalyst only formed a small
number of mesoporous pores above 4 nm, but no small meso-
porous pores of 2 ~ 4 nm. When increasing the amount of Ni-
SnS,, a large number of small mesoporous pores appeared in
NSB-20 catalyst, which benefits target molecule adsorption
and redox reactions. When continued to add Ni-SnS,, NSB-
30 appeared a certain amount of large mesoporous of 4—
30 nm, similar to the pore size distribution of Ni-SnS,. How-
ever, the amount of small mesoporous in NSB-30 decreased,
and the catalytic performance was also attenuated. Thus, the
catalytic performance was related to the amount of small
mesoporous, which was proportional to the specific surface
area. As depicted in Fig. S5, the BET specific surface area
(Sget) and pore volume of NSB-20 composite was much
higher than those of BiOBr and Ni-SnS,, which was in good
agreement with the best photocatalytic activity.

3.3. Effect of different factors on the photodegradation

Generally, the photodegradation of organic pollutants was dis-
tinctly influenced by the pH of solution since it could affect the
surface charge of catalyst as well as ionization state for con-
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taminants. Here, we researched the effect of solution pH on the
photodegradation rate of TC by 2D/2D NSB-20. Results
showed that the highest decomposition rate achieved at
pH = 5, while it gradually declined as the pH rose (Fig. 7a).
The zeta potential measurement for 2D/2D NSB-20 hybrid
was depictured in Fig. 7b. The point of zero charge (pHp,c)
of NSB-20 was about 7.9. Hence, 2D/2D NSB-20 nanohybrid
was positively charged at pH < 7.9, while negatively charged
at pH > 7.9. TC molecule could form three kinds of species in
aqueous solution with various pH (Dou, X. et al., 2022; Yu, H.
et al., 2020), such as cationic substance TCH; (pH < 3.3),
neutral substance TCHY (3.3 < pH < 7.7), as well as anionic
substance TCH3 (pH > 7.7). When the reaction solution pH
was>7.9, TC molecule and NSB-20 hybrids repelled each
other because both of them were negatively charged. This
could explain why at higher pH the lower degradation effi-
ciency of TC. Here, the solution pH value was adjusted with
NaOH solution to 7, the competitive adsorption onto the cat-

alyst between ions from NaOH and pollutants resulted in the
decreased removal rate (Jia, X. et al., 2020). Thereby, the order
of decomposition rate of TC relying on solution pH was deter-
mined to be pH 5 (natural pH) > pH7 > pH 9 > pH 11.
The effect of different foreign anions (CI, SO7, CO% and
NO3) on TC degradation by NSB-20 was investigated.
Fig. 7c displays that the presence of ClI” and NOj exhibited
negligible effect on the TC removal. The existence of SO3
has a slightly negative effect on the TC degradation because
SO3 might compete with TC molecules for adsorption. Never-
theless, the decomposition rate of TC was only 16.91% after
addition of CO3 . This phenomenon can be ascribed to the
strong quenching effect of CO3™ on hydroxyl radical (Xiao,
H. et al., 2008). The influences of initial TC concentration
on the photoactivity were also analyzed. Fig. 7d exhibits the
degradation of TC with different concentrations over NSB-
20. The TC removal rate dropped from 99.35% to 67.43%
when initial TC concentration increased from 10 to 25 mg/L.
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and initial concentration (d) on the removal of TC over NSB-20.

The high concentration of TC quickly exhausts the reactive
species produced by NSB-20, so the degradation rate would
reduce when NSB-20 cannot generate enough active species
(Liu, J. et al., 2021).

3.4. Photocatalysis mechanism

To better comprehend the enhancement in photocatalytic
activity of 2D/2D NSB composite, photoluminescence (PL)
spectra was used to research the photocarriers segregation effi-
ciency of catalysts. Generally, the lower PL intensity represents
the stronger segregation efficiency of carriers (Cui, H. et al.,
2021). Fig. 8a depicts that the PL peak for BiOBr was centered
at approximately 440 nm, which may result from the band-
band PL phenomenon with light energy approximately equiv-
alent to the E, of BiOBr. The PL intensity of NSB catalysts
was much weaker than that of BiOBr, indicating that the con-
struction of heterojunctions can effectively inhibit the recombi-
nation of photocarriers. This effect was most pronounced for
NSB-20 hybrid, which agreed well with the highest photocat-
alytic performance. Transient photocurrents response (TPR)
and electrochemical impedance spectra (EIS) were employed
to analyze the segregation and migration ability of carriers in
the catalyst. The TPR was documented through repeatedly
switching on and off at open-circuit potential under light illu-
mination. In general, the higher TPR represents the higher
photocarrier segregation efficiency (Su, Y. et al., 2022).
Fig. 8b displays that the 2D/2D NSB-20 nanohybrid exhibited
the highest photocurrent intensity, suggesting it had highly
improved photocarrier segregation capability. Meanwhile,
the EIS analysis uncovered that the 2D/2D NSB-20 owned
the smallest radius of curvature (Fig. 8c), suggesting its inter-
facial transfer resistance was the smallest and interfacial charge
transfer rate was highest (Liu, L. et al., 2021).
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(a) Effect of solution pH on the degradation of TC over NSB-20, (b) Zeta potentials of NSB-20, Effects of inorganic salts ions (c)

In general, active/radical substances like holes (h ), hydro-
xyl radical (¢OH), and superoxide anion radicals (¢0O5) play a
vital role in pollutant degradation. In order to reveal reaction
mechanism of TC removal, Isopropanol (IPA) (Sreeram, N.
et al., 2022), triethanolamine (TEOA) (Zhang, X. et al.,
2022) and benzoquinone (BQ) (Sun, H. et al., 2020) were
selected as the scavenging agents for eOH, h™ as well as
¢0,, respectively. Fig. 9a and b depicts that the degradation
rate of TC declined to 16.37% and 33.46%, respectively, after
BQ and TEOA added in the reaction solution, reflecting h™
and 0O, were vital active species in TC degradation by NSB-
20. Nevertheless, the introduction of IPA lead to a slight
decrease in degradation efficiency (Fig. 9a and b). This indi-
cated that ¢OH also worked in the photodegradation of TC.
The radicals produced in the photocatalytic system were fur-
ther studied by ESR, and the 5, 5-dimethyl-1-pyrroline-N-
oxide (DMPO) reagent was applied to trap e¢OH and O;.
As shown in Fig. 9¢c-d, no signal peak was observed under dark
conditions, however, with VL irradiation for 10 min, four
characteristic peaks of DOMP- 0O, and four peaks of
DMPO-eOH with the intensity of 1:2:2:1 were detected
(Fig. 9d). Hence, the result of EPR tests verified the formation
of 0, and eOH in the system, well agreeing with the outcomes
of radical capture measurements.

To explore the decomposition routes of TC, the intermedi-
ate products produced during the photocatalytic reaction were
identified by liquid chromatography-mass spectrometry (LC-
MS). Thirteen major intermediate products (P1-P13) were pro-
posed by photocatalytic removal of TC, and their m/z values
were 476 (P1), 417 (P2), 370 (P3), 222 (P4), 458 (P5), 398
(P6), 359 (P7), 337 (P8), 226 (P9), 368 (P10), 361 (P11), 316
(P12) and 213 (P13) (Fig. S6). According to the products
observed from the mass spectra, three possible decomposition
routes of TC over NSB-20 were inferred (Fig. 10) (Zhang, W.
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et al., 2022). For the pathway I, the C = C double bonds in
TC were hydroxylated through an addition reaction in the
presence of eOH to afford P5. Then, demethylation of the
dimethylamino group proceeded under the attack of eO; and

h* to give P6. Hereafter, a series of reactions (i.e., deamina-
tion, loss of amide group, ring-cleavage reaction) occurred
progressively, leading to the formation of P7, P8 and P9,
respectively. In terms of pathway II, TC was converted into
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P1 through similar hydroxylation reactions as observed in
pathway I. The resulting P1 was decomposed into P2 by losing
the saturated -N(CH;), moiety under the attacked of eOs.
Subsequently, the degradation of P2 to P3 was achieved via
cleavage of the amide and hydroxyl groups. In the presence
of eOH, unstable P3 underwent ring-cleavage reactions to gen-
erate small molecule P4. In pathway III, TC was first trans-
formed into P10 by demethylation of the dimethylamino
group to release amino group. Cleavage of the hydroxyl group
on the cyclohexanone moiety and loss of the amide group then
proceeded under attack by e05 and h ™" to generate P11, which
was further degraded into P12 and P13 via the ring-opening
and deamination reaction. Finally, these intermediates were
eventually degraded into small molecules, as verified by the
TOC outcomes.

In light of the aforementioned results and analysis, a prob-
able mechanism was put forward to illuminate the remarkable
photocatalytic property of 2D/2D NSB-20 heterojunction. As
illustrated in Fig. S7, when irradiated by VL, the ¢ of BiOBr
and Ni-SnS, were excited to their respective CB while leaving
h* on the VB. Assuming the type-II heterojunction was con-
structed between constituents, the ¢ in the CB of Ni-SnS,
would move to BiOBr, and the h™ would migrate from the
VB of BiOBr to Ni-SnS,. Nevertheless, the accumulated € in
the CB of BiOBr cannot reduce O, to produce ¢O; (O,/e0O;
= —0.33 eV vs. NHE) due to its unsuitable CB potential.
Meanwhile, the h™ in the VB of Ni-SnS, could not provide
enough driving force for generation of eOH radicals since
the Eyp of Ni-SnS, (1.02 eV vs. NHE) was more negative than
the potential of H,O/eOH (2.27 ¢V vs. NHE) (Xing, Y. et al.,
2022). These were inconsistent with the outcomes of active spe-
cies capture tests, where ¢OH and O, were significant species
in TC decomposition. Thereupon, the traditional type-II
heterojunction was ruled out for this system, and the S-

scheme mechanism may be more rational to elaborate photoin-
duced charges migration and excellent photocatalytic activity.

The density functional theory (DFT) calculations were used
to analyze the interfacial charge transfer between BiOBr and
Ni-SnS,. As displayed in Fig. 11a-b, the work functions of
BiOBr (001) crystal planes and Ni-SnS; (001) surface were
calculated as 6.4 eV and 5.7 eV, respectively, suggesting that
the photoinduced electrons in Ni-SnS, nanosheets could flow
to the BiOBr nanosheets through the 2D/2D heterojunction.
From Fig. 11c, planar-averaged charge density displayed that
the electrons migrate from Ni-SnS, (001) to BiOBr (00 1) sur-
face when Ni-SnS,/BiOBr heterojunction formed, which is fur-
ther verified by the charge density difference (Fig. 11d). The
above outcomes suggested that BiOBr exhibited much higher
work functions than that of Ni-SnS,, therefore the two cata-
lysts were available to form S-scheme heterojunctions with
an improved charge migration behavior. Fig. 12 presents the
S-scheme heterojunction of Ni-SnS,/BiOBr along with the
charge transfer and separation process. Before contact, Ni-
SnS, exhibits a more-negative E; compared with BiOBr since
its work function is smaller than BiOBr. After Ni-SnS, and
BiOBr are coupled to construct heterojunctions, the electrons
from Ni-SnS, spontaneously migrate to BiOBr until their E¢
reached an equal level. This electron transfer path results in
the generation of an internal electric field (IEF), which directed
from Ni-SnS, to BiOBr. At the heterojunction interfaces, the
surface of Ni-SnS, and BiOBEr is positively charged and nega-
tively charged, respectively. When Ni-SnS,/BiOBr heterojunc-
tions are illuminated by VL, both Ni-SnS, and BiOBr are
photoinduced to produce ¢ and h™ (Eq. (1)). The useless ¢
in the CB of BiOBr tend to recombine with relatively useless
h™ in the VB of Ni-SnS, via the intimate interface under the
driving force of the IEF (Eq. (2)), while preserving useful e
and h* with high redox ability in the VB of BiOBr and CB
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of Ni-SnS,, respectively. This process contributes to highly
improved photocarrier separation efficiency. The ¢ in the CB
of Ni-SnS, can react with O, to form eO; (Eq. (3)), and the
h* in the VB of BiOBr can react with H,O or OH™ to form
eOH (Eq. (4)). Thereafter, these active substances would
engage in TC or RhB degradation (Eq. (5)). In addition, the
2D/2D heterostructures also make contributions to the out-
standing photoactivity of NSB-20. This 2D/2D interface sup-
ply stronger interaction between Ni-SnS, and BiOBr with a
tight and large contact interface, which is conductive to the
photocarrier separation and migration.

NSB + hv — NSB (e™, h')
h*(Ni-SnS,) + e (BiOBr) — Reunion
h* (BiOBr) + H,0 or OH —eOH

¢ (Ni-SnS;) + O,—e0,

TC or RhB + eOH/eO, —Degradation products

Band energy positions of Ni-SnS, and BiOBr before contact, after contact and S-scheme charge transfer mechanism between Ni-
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4. Conclusions

In conclusion, a novel 2D/2D NSB S-scheme composite photocatalyst
was successfully synthesized by a simple in-situ precipitation approach.
The NSB nanohybrids exhibited remarkably boosted photocatalytic
properties compared to single-phase catalysts. Among all the catalysts,
the NSB-20 displayed the highest photoactivity for the removal of TC
and RhB. The rate constant of TC over the 2D/2D NSB-20 heterojunc-
tion was 0.0488 min~', which reached up to 44.36 and 2. 07 time as
much as than those of 2D Ni-SnS, and 2D BiOBr, respectively. The
splendid property originated from the tight 2D/2D interface contact,
excellent optical response, abundant active sites and the construction
of S-scheme heterojunction, which not only promoted spatial segrega-
tion of photocarriers but also preserved strong redox power. In addi-
tion, the 2D/2D NSB-20 nanohybrid showed high stability and
reusability. The S-scheme charge transfer mechanism was put forward
to explain the boosted photocatalytic activity based on the trapping
tests, ESR experiments along with DFT calculation. This investigation
offers a new insight to designing efficient 2D/2D S-scheme photocata-
lyst for water purification.
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