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A B S T R A C T

Devising exceptional S-scheme heterojunction photocatalysts utilized in annihilating pharmaceuticals and chro-
mium contamination is significant for addressing the problem of global water pollution. In this work, a chemically
bonded Mn0.5Cd0.5S/BiOBr S-scheme heterostructure with oxygen vacancies is ingeniously developed through a
facile in-situ solvothermal synthesis. The designed Mn0.5Cd0.5S/BiOBr heterojunction exhibits eminently rein-
forced photo-activity for destruction of tetracycline hydrochloride and Cr(VI) as compared with its individual
components. This substantial photo-redox performance amelioration is benefitted from the creation of an intense
internal electric field (IEF) via supplying powerful driving force and migration highway by interfacial chemical
bond to foster the S-scheme electron/hole disintegration. More intriguingly, the IEF at the hetero-interface drives
the fast consumption of the photo-induced holes in Mn0.5Cd0.5S by the photoelectrons from BiOBr, profoundly
boosting the enrichment of active photo-carriers and sparing the photo-corrosion of Mn0.5Cd0.5S. Furthermore,
Mn0.5Cd0.5S/BiOBr with exceptional anti-interference property can work efficiently in real water matrices.
Multiple uses of the recycled Mn0⋅5Cd0⋅5S/BiOBr evidence its prominent robustness and stability. This achieve-
ment indicates the vast potential of chemically bonded S-scheme photosystems with structural defects in the
design of photo-responsive materials for effective wastewater treatment.
1. Introduction

With the advancement of the pharmaceutical, agricultural, and
chemical sectors, there has been an escalation in the discharge of haz-
ardous pollutants such as refractory pharmaceuticals and heavy metals
into aquatic ecosystems. This alarming trend has resulted in global
environmental predicaments, jeopardizing ecological equilibrium, and
human health [1–4]. To combat this issue, a multitude of techniques have
been devised to eliminate these contaminants, namely physical adsorp-
tion, biodegradation, photocatalysis, and electrocatalysis [5–9]. Among
them, sunlight-triggered catalysis stands out as a sustainable,
cost-effective, and efficacious technology for environmental purification
by harnessing infinite sunlight as an energy source [10–14]. To promote
its industrialization, it is of eminent importance to devise exceptional
photocatalysts that can perform effectively and durably during treatment
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Among the plethora of available photoactive materials, bismuth-

based materials emerge as a class of distinctive photocatalysts due to
their low cost, adjustable architecture, and favorable sunlight response.
BiOBr stands out as an illustrious visible-light active photocatalyst with
several advantages including a favorable band configuration, exceptional
photo-oxidative capacity, distinctive 2D architecture, ecological
compatibility, abundant resources, and robust durability [23,24].
Despite its inherent virtues, BiOBr faces certain limitations, namely its
relatively inferior overall photocatalytic efficacy, attributed to the con-
strained absorption of visible light and sluggish photo-carrier diffusion
and segregation [25,26].

Recent researches demonstrate that the 3D hierarchical architecture
of photocatalysts featured by large surface area and high porosity may
reinforce the sunlight utilization, foster the exposure of available reactive
ebruary 2024
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and restrain the agglomeration of the catalyst, thus effectively upgrading
the photo-activity [27,28]. Furthermore, building heterostructured
photocatalyst is a fashionable tactics to advance photoreaction kinetics
[19,29–39]. Especially, S-scheme heterostructures have unveiled their
tremendous potential in expediting spatial electron/hole segregation and
upholding optimal photo-redox power [40–54]. Nonetheless, in most of
the developed S-scheme systems, physical contact without chemically
bonding hetero-interface between the two components, which is insuf-
ficiently interactive, generally results in an unsatisfactory charge
migration passage [41,46,52]. In our previous research, the designed
Bi2WO6/C3N4/carbon fibers also suffer from unsatisfactory catalytic
performance due to the non-chemically bonded hetero-interface [55].
Accordingly, devising chemically bonded S-scheme heterojunction is
more appealing because the interfacial chemical bond can function as
atomic-level photo-carrier diffusion highway, thereby contributing to
prominent photo-activity advancement.

Recently, Mn0⋅5Cd0⋅5S solid solution, comprising a combination of
CdS and MnS, has presented an exceptional level of photocatalytic ac-
tivity [56,57]. Nonetheless, the limited efficacy and vulnerability to
photo-corrosion have imposed constraints on its application potential in
photocatalytic reactions [58–60]. Thanking to the relatively negative
conduction band (CB) position, Mn0⋅5Cd0⋅5S can serve as an alluring
photo-reduction component to incorporate with the BiOBr for building
S-scheme heterostructure.

Herein, a flower-like Mn0⋅5Cd0⋅5S/BiOBr S-scheme heterojunction
with interfacial chemical bonds and oxygen vacancies (OVs) is
Fig. 1. (a) A schema of the synthetic process of MCS/BOB; (b–e) SEM images of BOB (
EDX spectrum and mapping (h, i) of MCS/BOB-2.
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synthesized through a simple solvothermal route. Mn0.5Cd0.5S/BiOBr
presents a hierarchical 0D/3D heterostructure with zero-dimensional
(0D) Mn0⋅5Cd0⋅5S pinning on the surface of three-dimensional (3D)
BiOBr microspheres. Under the synergistic cooperation of S-scheme
heterostructure, interfacial chemical bonds and OVs, Mn0⋅5Cd0⋅5S/BiOBr
displays exceptional photocatalytic properties toward Cr (VI) reduction
and tetracycline hydrochloride oxidation under visible light irradiation.
This research opens up the exploration of chemically bonded S-scheme
system with defects for effective water purification.

2. Results and discussion

2.1. Characterization

The MCS/BOB photocatalyst was synthesized by a solvothermal
method (Fig. 1a). The microstructures of BOB and MCS/BOB photo-
catalysts were studied by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) (Fig. 1b–h). BOB presents a
flower configuration with a diameter ranging from ~3 to ~6 μm, con-
sisting of interlaced two-dimensional (2D) nanosheets (Fig. 1b), while
MCS has a nanoparticle-like morphology with a size of ~10–60 nm
(Fig. 1c). After MCS is incorporated with BOB, numerous MCS nano-
particles (NPs) are imbedded into BOB microspheres, creating a dense
0D/3D heterostructure with intense interfacial interaction (Fig. 1d–f).
Moreover, the lattice spacings of MCS/BOB are 0.28, and 0.30 nm,
belonging to the (102) facet of BOB, and (101) facet of MCS, respectively,
b), MCS (c), and MCS/BOB-2 (d, e); (f–i) TEM image (f), HR-TEM image (g), and
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as derived from the HR-TEM image (Fig. 1g). It is worth mentioning that
there is compact contact between the two phases of MCS and BOB
(Fig. 1g), which is conducive to efficaciously boosting spatial charge
segregation in the interfacial region. Corresponding EDX and mapping
images (Fig. 1h and i) disclose the uniform attachment of MCS NPs on the
hierarchical BOB sphere, which coincides with the SEM and TEM analysis
(Fig. 1d–g).

X-ray powder diffraction (XRD) patterns of MCS, BOB, and MCS/BOB
heterojunctions were recorded to define their crystal phases (Fig. 2a).
The crystalline phases of MCS matches well with hexagonal MnS (JCPDS
Card 40–1289) and CdS (JCPDS Card 41–1049) [58]. BOB is identified as
tetragonal phases (JCPDS Card 09–0393) [43]. The peaks of MCS/BOB-1
and MCS/BOB-2 are assigned to tetragonal BOB phase without MCS
signals identified, due to the low loading content of MCS. As the
MCS/BOB mass ratio rises to the 30%, the emergence of emblematic
peaks of MCS is ascertained in MCS/BOB-3, reflecting the well incorpo-
ration of MCS and BOB via an in-situ solvothermal synthesis.

Fourier transform infrared spectroscopy (FT-IR) measurement was
conducted to inspect the structures of MCS/BOB (Fig. S1). The FT-IR
spectrum of BOB manifests the stretching bands of Bi–O and Bi–Br at
553, and 1382 cm�1, respectively [42,43,61]. MCS/BOB-2 unveils the
emblematic absorption peaks of MCS and BOB. Besides, there is weak
band at 612 cm�1 assigned to the Bi–S coordination bond [61,62]. The
emergence of the Bi–S bond reflects the partial replacement of Br ions by
S ions, which helps to expedite photo-carrier diffusion [61,62]. The
above analysis implies the creation of MCS/BOB with interfacial Bi–S
bond via in-situ solvothermal synthesis. Noticeably, this unique chemi-
cally bonded MCS/BOB heterostructure is beneficial for efficient chan-
nelization and segregation of photo-carriers at the hetero-interface.

X-Ray photoelectron spectroscopy (XPS) characterization was per-
formed to elucidate the electronic structure of MCS/BOB-2. The XPS full
Fig. 2. (a) XRD patterns; (b–e) XPS spectra of Bi 4f and S 2p (b), Cd 3d (c), Mn 2
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spectrum evidences that MCS/BOB-2 involves Mn, O, Br, S, Bi, and Cd
elements, signifying the successful integration of MCS and BOB
(Fig. S2a), which is in line with the finding of EDX and EDX mapping
(Fig. 1i). The Bi 4f spectrum of MCS/BOB-2 (Fig. 2b) contains two
symbolic peaks (164.2 and 58.9 eV) associated with Bi 4f5/2 and Bi 4f7/2
spin orbits [43,63]. Meanwhile, two feeble peaks of MCS/BOB-2 in
Fig. 2b at 161.3 and 162.6 eV are derived from S 2p3/2 and S 2p1/2 [64,
65]. In Fig. 2c and d, the binding energies (BEs) of MCS/BOB-2 at 404.8,
411.6, 640.5, and 651.9 eV pertain to Cd 3d5/2 and Cd 3d3/2 orbitals of
Cd2þ and Mn 2p3/2 and Mn 2p1/2 orbitals of Mn2þ, respectively [52,59].
The satellite peak of Mn2þ is centered at 644.3 eV. The BEs of O 1s on
MCS/BOB-2 at 532.4, 531.2, and 529.6 eV are associated with surface
adhered H2O, OVs, and lattice oxygen, respectively (Fig. 2e) [1,66,67].
The Br 3d spectrum of MCS/BOB-2 exhibits two peaks at 69.0 and 68.0
eV (Fig. S2b), pertaining to Br 3d3/2 and Br 3d5/2 orbitals [42,43,54],
respectively. Compared with BOB (MCS), a negative (positive)
displacement in the BEs of Br and Bi (Cd, Mn and S) was observed,
representing the generation of interfacial Bi–S bond changes the elec-
tronic structure of BOB and MCS through the intense interfacial inter-
action. The intense interfacial interaction and charge rearrangement
between BOB and MCS could lead to the constitution of internal electric
field (IEF), further promoting orientated charge drift fromMCS to BOB in
MCS/BOB until the equilibrium of their Ef values [42]. Furthermore,
electron spin resonance (ESR) spectra (Fig. 2f) indicate that OVs deficient
BiOBr (D-BOB) andMCS have no OVs or structural defects while BOB and
MCS/BOB-2 possess abundant OVs. On the one hand, OVs can function as
electron-capturing centers; On the other hand, OVs can endowMCS/BOB
with better sunlight absorption and promoted photo-carrier separation.
Thus, the presence of OVs is helpful to the reinforcement of
photo-activity.
p (d), and O 1s (e); (f) ESR spectrum of BOB, D-BOB, MCS, and MCS/BOB-2.
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2.2. Photocatalytic performance

The photocatalytic efficacy of as-synthesized catalysts was studied by
TC destruction under visible light. Dark reaction tests were conducted for
30 min to guarantee that the suspension achieved adsorption-desorption
equilibrium before photoreaction. As depicted in Fig. 3a, 15.9%, 15.6%,
21.5%, 25.1%, 20.9%, and 17.4% of TC was adsorbed within 30 min by
BOB, MCS, MCS/BOB-1, MCS/BOB-2, MCS/BOB-3, and mixture,
respectively. The MCS/BOB heterojunctions exhibit greater adsorption
capacity than BOB and MCS, which is helpful to the photo-degradation of
contaminants. Next, after 60 min of illumination, TC elimination barely
takes places, revealing the stable feature of TC. Pristine BOB and MCS
unveil poor TC destruction effectiveness of 62.5% and 44% resulting
from their swift photo-carrier reunion. Inspiringly, the incorporation of
Fig. 3. (a) Photocatalytic TC eradication over BOB, MCS, and MCS/BOB series photo
the reported catalysts; (c–e) Impact of HA concentration (c), varying ions (d), and
Trapping experiment of TC degradation over MCS/BOB-2; (g) Photocatalytic Cr(VI) el
(i) Photocatalytic abatement of Cr(VI) in a sole-pollutant system and a co-existence
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BOB and MCS leads to a substantial optimization of the photocatalytic
efficacy. The TC destruction rates over MCS/BOB-1, MCS/BOB-2, and
MCS/BOB-3 are up to 72.5%, 82.9%, and 73.8%, respectively, high-
lighting the significance of MCS/BOB S-scheme junction in strengthening
the catalytic outcome. Noticeably, the TC decomposition efficacy initially
rises and then descends as the content of MCS increases. In fact, estab-
lishing a compactly connected interface between MCS and BOB is non-
trivial. Excessive MCS may induce the self-aggregation of MCS, which
hampers the hetero-interface, compromising the overall catalytic efficacy
[42,43]. Moreover, the optimal MCS/BOB-2 manifests appreciably better
catalytic efficacy than the mixture, implying that the chemical
bond-connected hetero-interface between MCS and BOB makes an
eminent contribution to upgrading the photocatalytic efficacy. To high-
light the role of OVs in reinforcing the photocatalytic ability of catalysts,
catalysts; (b) Comparison of the catalytic performance towards TC removal with
various aqueous environments (e) on the destruction of TC by MCS/BOB-2; (f)
imination over samples; (h) Photocatalytic Cr(VI) elimination rate at varying pH;
system over MCS/BOB-2.
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the catalytic performances of the OVs-deficient D-BOB and MCS/D-BOB
were tested. As depicted in Fig. S3a, pristine BOB exhibits higher cata-
lytic effectiveness than D-BOB. Meanwhile, the photoactivity of
MCS/BOB-2 is better than that of MCS/D-BOB. Such a result indicates
that the OVs are conducive to promoting the catalytic performance. More
impressively, the photo-activity of MCS/BOB-2 is superior or comparable
to most of the heterojunction photocatalysts (Fig. 3b and Table S1). A
kinetic fitting analysis of the degradation curves over MCS/BOB catalysts
was implemented and the result is displayed in Fig. S3b. Clearly, the
pseudo-first-order rate constant of MCS/BOB-2 is as high as 0.0229
min�1, nearly 1.8, 3.6 and 1.4 folds that of BOB (0.0128 min�1), MCS
(0.0063 min�1) and the mixture (0.0161 min�1), respectively.

The treatment effectiveness of MCS/BOB-2 in the presence of humic
acid (HA) was tested and the result demonstrates that the photo-activity
of MCS/BOB-2 is gradually inhibited as increasing the HA concentration,
which arises from the occupation of ROS by HA [42]. Overall,
MCS/BOB-2 can work effectively in the presence of HA (Fig. 3c). Besides,
the photocatalytic outcome of MCS/BOB-2 in the presence of diverse
anions was examined (Fig. 3d). The destruction percentages of TC are
about 72.3%, 71.6%, 67.5%, 75.5%, and 75.9% when Cl�, NO3

�, PO4
3�,

SO4
2�, and HCO3

� are present, respectively, reflecting the distinguished
anion adaptability of MCS/BOB-2. The TC degradation over MCS/BOB-2
under the irradiation of single wavelengths of 500, 550 and 600 nm was
further carried out. As shown in Fig. S3c the TC degradation efficiencies
over MCS/BOB-2 are up to 70.4%, 55.7%, and 51.1% under the light
irradiation wavelengths of 450, 500 and 550 nm, respectively. Frankly,
the stability of a photocatalyst is significant for its industrial application
[42]. The recycle experiments for TC degradation were implemented to
scrutinize the reusability of MCS/BOB-2. Fig. S3d exhibits that the cat-
alytic efficacy of MCS/BOB-2 does not drop sharply during five succes-
sive runs, evidencing its strong stability. Moreover, the XRD patterns and
SEM image demonstrate that the phases and microstructure of
MCS/BOB-2 remain almost unchanged after long-term cycling test,
confirming the high structural stability of MCS/BOB-2 (Figs. S3e and f).
The photocatalytic TC destruction over MCS/BOB-2 was implemented in
real water matrix. Fig. 3e displays that the photocatalytic TC destruction
efficacy is inhibited in river (70.9%) and sea water (60.6%) by the
interfering substances, which capture ROS resulting in a certain decre-
ment in TC destruction efficiency [42,43].

To uncover the roles of ROS in eliminating TC over MCS/BOB-2,
scavenging experiments were implemented by adopting EDTA-2Na, IPA
and BQ as quenchers of hþ, �OH, and �O2

�, respectively (Fig. 3f). The TC
elimination efficiency is 82.9% without addition of a quencher. In
comparison, the photocatalytic eradication rate of TC drops by 12.5%,
6% and 28.2% after introducing EDTA-2Na, IPA and BQ, respectively.
This fact implies that hþ and �O2

� are the prime reactive species involved
in TC decomposition.

The photocatalytic Cr(VI) reduction experiments were applied to
appraise the photo-reduction efficacy of the MCS/BOB heterojunction.
From Fig. 3g, dark reaction tests reveal that MCS/BOB-2 exhibits better
Cr(VI) adsorption capacity (59.8%) than BOB (36.7%), MCS (3.9%), and
mixture (35.5%). The Cr(VI) photoreaction experiments show that MCS/
BOB-2 acquires the highest treatment efficacy, with the Cr(VI) elimina-
tion percentage up to 96.5% after 45 min visible-light irradiation. While
only 70.2%, 80.2% and 74.8% of Cr (VI) was annihilated by sole BOB,
MCS and mixture, respectively. Notably, MCS/BOB-2 achieves the
maximum reduction rate constant of (0.0534 min�1), 3.2 and 1.5 folds
that of BOB (0.0168 min�1) and MCS (0.0351 min�1), respectively
(Fig. S4a). This achievement highlights the superiority of the S-scheme
MCS/BOB junction in upgrading the photo-redox behavior [41]. The
Cr(VI) photo-reduction test over MCS/BOB-2 at diverse pH value was
conducted and the result shows that MCS/BOB-2 works effectively at pH
ranging from 4 to 11 and its catalytic performance is slightly compro-
mised in alkaline environments (Fig. 3h), certifying the high adaptability
to a broad range of pH environment.

The Cr(VI) photoreduction efficiency of MCS/BOB-2 decreased by
5

40.7% and 20.3% with the addition of AgNO3 and TEMPO (Fig. S4b),
proving that the photogenerated e– is the major active species in the
MCS/BOB-2 system for the Cr(VI) photoreduction.

The robustness of MCS/BOB-2 was also acertained by the relatively
steady efficacy for Cr(VI) removal in recycling experiments (Fig. S5a).
Fig. S5b displays that the XRD spectra of MCS/BOB-2 before and after use
are almost identifical, verifying the remarkable stability of MCS/BOB-2.
To unlock the photo-reduction product of Cr(VI) over MCS/BOB-2, the
XPS analysis was implemented (Fig. S5c). Evidently, the presence of the
emblematic peaks, namely, 586.6 eV (Cr 2p1/2) and 576.5 eV (Cr 2p3/2)
[41–43], belonging to Cr(III) unveils that the effective photocatalytic
reduction of Cr(VI) to Cr(III) is achieved by MCS/BOB-2 during
photocatalysis.

The photocatalytic experiments of TC and Cr(VI) in a co-existence
(Cr(VI)-TC) system was performed to assess the capability of MCS/
BOB-2 to eliminate them concurrently. In the TC-Cr(VI) system,
although TC abatement over MCS/BOB-2 is slightly attenuated compared
to that in a pure TC environment. The TC elimination rate by MCS/BOB-2
still achieves a high level (Figs. S6a and b). Attractively, the Cr(VI) photo-
reduction performance of MCS/BOB-2 is substantially strengthened in
the TC-Cr(VI) system, and the corresponding k is up to 0.0853 min�1,
about 1.6 folds that (0.0534 min�1) in a sole Cr(VI) system (Fig. S6c and
Fig. 3i). This phenomenon can be explained by the synergistic effect
between MCS/BOB-2, Cr(VI), and TC, wherein the TC readily consume
the hþ of MCS/BOB-2, guaranteeing the efficient photo-carrier disinte-
gration and accumulation of e� for Cr(VI) reduction.

2.3. TC degradation process and toxicity assessment

The intermediates of TC during reaction were ascertained by LC-MS
(Fig. S7, Table S2). The photocatalytic destruction of TC over MCS/
BOB proceeded in two routes by oxidation of ROS (Fig. 4a) [55]. In
pathway I, the decarbonylation, deamination, demethylation and dehy-
droxylation happen for producing P1. Afterwards, P1 is decomposed into
P2 via ring cleavage. The conversion of P2 into P3 is accomplished via
ring opening and bond cleavage reactions. In pathway II, the attack of
ROS induces the formation of P4 through demethylation and hydroxyl-
ation reactions, which is further transformed into P5 via dehydroxylation
etc. Subsequently, the demethylation, deamination, and ring breaking
occur, leading to generation of P6. After that, P6 goes through dehy-
droxylation and decarbonylation reactions to generate P7. As the reac-
tion continues, successive oxidation reactions give birth to P8–P11.
Ultimately, the fierce and incessant strike of ROS on TC antibiotic leads to
the effective decontamination performance of the catalysts during
photocatalysis.

The toxicity evaluation was executed to disclose the potential hazards
of these intermediates to human health and aquatic ecosystem (Fig. 4b–d
and Table S3). In Fig. 4b, all products except P2 and P5 demonstrate
lower mutagenicity compared to TC, and the mutagenicity of P3, P4, and
P6–P11 is ascertained to be negative. In Fig. 4c, all intermediates except
P2 and P7 exhibit weaker developmental toxicity relative to TC. Fig. 4d
uncloses that except P1, the LC50 of the intermediates for fathead
minnow is greater than that of TC, representing a decrement in toxicity.
More intriguingly, P4, P6, P8 and P10 are non-toxic chemicals. The
toxicological evaluations reveal MCS/BOB holds eminent promise for
antibiotic wastewater purification.

2.4. Mechanism insights

The optical features of MCS/BOB heterojunctions were detected by
UV–vis diffuse reflectance spectroscopy (UV–Vis DRS) (Fig. 5a). BOB dis-
plays an absorption edge at 469 nm, in accordance with a Eg of 2.78 eV
[42] (Fig. 5b). Compared with BOB, the MCS/BOB catalysts obtain a
notable improvement of sunlight-responsiveness due to the incorporation
of MCS with narrowed Eg of 2.28 eV (Fig. 5b). Clearly, the Eg values of
MCS/BOB-1, MCS/BOB-2 and MCS/BOB-3 are determined as 2.66, 2.69



Fig. 4. (a) Plausible destruction routes of TC by MCS/BOB-2; (b-d) Toxicity analysis.
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Fig. 5. (a) UV–vis DRS patterns; (b) Tauc plots; (c, d) Mott‒Schottky data; (e, f) UPS profiles of BOB and MCS; (g–i) XPS spectra of Bi 4f (g), Br 3d (h), and Cd 3d (i)
for MCS/BOB-2 conducted in dark and under light illumination, respectively.
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and 2.33 eV (Fig. S9). Furthermore, the CB positions (ECB) of BOB andMCS
were obtained by Mott�Schottky plots, which are defined as �0.35 and
�0.74 V versus NHE, respectively (Fig. 5c and d). Correspondingly, the EVB
of BOB and MCS were determined to be 2.43 and 1.54 V versus NHE,
respectively, by means of the equation: Eg ¼ EVB – ECB.

For a deeper comprehension of the specific charge transport course at
the MCS/BOB hetero-interface, ultraviolet photoelectron spectroscopy
(UPS) analysis was performed to unclose the work functions (Φ) of MCS
and BOB. UPS measurements disclose that the Φ values of MCS and BOB
are determined to be 4.61 and 5.91 eV, respectively (Fig. 5e and f), by
referring to the formula: Φ ¼ hv – (Ecutoff – Efermi). Further, the Ef values
are estimated to be 4.61 and 5.91 eV for MCS [58] and BOB [42,68],
respectively, according to the equation: Ef ¼ –Φ. Evidently, the higher Φ
and lower Ef of BOB thanMCS certifies the charge migration fromMCS to
BOB before light illumination, which coincides with the XPS analysis
(Fig. 2b–e). Such charge redistribution propels the phases to achieve the
7

balanced Ef and thus creates an IEF in the heterostructure [41,55]. In-situ
XPS characterization was performed to confirm the S-scheme
photo-carrier drift during photocatalysis (Fig. 5g–i). Evidently, under
light irradiation, the BEs of Bi and Br (Cd) in MCS/BOB experience a red
(blue) shift (Fig. 5g–i). Such shifts highlight the migration of
photo-induced electrons from BOB to MCS under light, confirming the
establishment of MCS/BOB S-scheme junction. From the above results,
an S-scheme photo-carrier segregation mechanism over MCS/BOB is
depicted in Fig. S10.

The textural configurations of MCS, BOB, and MCS/BOB were scru-
tinized by means of N2 adsorption-desorption measurements. Fig. S8
displays that MCS/BOB-2 has the improved surface area of ~31.8 m2 g�1

compared with MCS (22.3 m2 g�1) and BOB (23.2 m2 g�1). In fact, the
large surface area and porous architecture help to foster the formation of
reactive regions, the capture and enrichment of contaminants during
reaction, leading to strengthened catalytic effectiveness [42].
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Photoelectronic measurements were implemented to obtain deep
insight into the mechanism of photo-activity reinforcement [42,43,48].
Electrochemical impedance spectroscopymeasurement was conducted to
appraise the charge transportation resistance of MCS, BOB, and
MCS/BOB heterojunctions (Fig. 6a). As shown in the inset image of
Fig. 6a, the EIS Nyquist plots were simulated by the equivalent circuit
diagram. In this system, the resistance between the fluorine-doped tin
Fig. 6. (a-b) EIS profiles (a), and photocurrent responses (b) of BOB, MCS, and MC
photoreaction mechanism for TC and Cr(VI) eradication by MCS/BOB-2.

8

oxide and samples (R1), and the charge drift resistance across the elec-
trolyte/photoanode interface (R2) are displayed in Table S4. In principle,
a smaller EIS radius and lower R2 represent that the transfer resistance of
photo-excited electrons is weaker [41,43]. Apparently, MCS/BOB-2 un-
veils a much smaller semicircle diameter and lower R2 of 15,547 Ω as
compared with MCS (R2, 444,170 Ω), BOB (R2, 120,470 Ω), MCS/BOB-1
(R2, 78,849 Ω), and MCS/BOB-3 (R2, 19,691 Ω), reflecting the lowest
S/BOB series samples; (c-d) ESR data for MCS, BOB and MCS/BOB-2; (e) The
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charge-migration resistance [42]. The dynamic photo-carrier dissocia-
tion behaviors of MCS, BOB, and MCS/BOB heterojunctions were
explored by photocurrent response measurement. In Fig. 6b, the
MCS/BOB-2 possesses a stronger photocurrent density than BOB, MCS,
MCS/BOB-1 and MCS/BOB-3, revealing the most effective generation
and detachment of photo-carriers within MCS/BOB-2. In the meantime,
PL spectra were also investigated. MCS/BOB-2 has a weaker PL peak
intensity compared to BOB, implying the intrinsic better electrons/holes
separation rate that MCS/BOB-2 owns (Fig. S11). The results of photo-
electronic characterizations and PL measurements verify the cardinal
role of chemically bonded S-scheme heterostructure in propelling the
photo-carrier detachment.

EPR analyses were executed to authenticate the S-scheme mechanism
[4,42,43]. As depicted in Fig. 6c, d, a distinctive reinforcement of the �O2

�

signal intensity upon MCS/BOB-2 formation is ascertained, revealing the
more effective production of �O2

� is realized by MCS/BOB-2. Besides, the
�OH signal of MCS was negligible, reflecting its incompetence in creation
of �OH species resulting from the negative EVB. MCS/BOB-2 presents an
intensified signal of ⋅OH relative to BOB, revealing that more
high-energetic holes are congregated on MCS/BOB for producing �OH
species. The EPR analyses corroborate the S-scheme migration course of
photo-induced charge-carriers in MCS/BOB-2 driven by the IEF.

These findings convincingly demonstrate that the MCS/BOB hetero-
structure possesses the unique S-scheme photoinduced-carrier segrega-
tion mechanism (Fig. 6e). BOB unveils a greater Φ in comparison with
MCS. Upon hybridization of MCS and BOB with interfacial Bi–S bonds,
electrons transfer from MCS to BOB until their Ef reach equilibrium.
Consequently, such charge movement give birth to an IEF pointing from
MCS to BOB at the interface, accompanied by band bending [43]. Under
visible light, both MCS and BOB could be photoexcited for creating
electrons and holes. The IEF, band bending and Coulomb interaction
propel CB electrons of BOB to reunite with the VB holes of MCS through
the interfacial Bi–S bonds. In the case, feeble photo-carriers were
destroyed so as to retain the high-energetic ones in the system [42]. Such
S-scheme charge separation process is not only conducive to spatial
detachment of photo-carriers, but can also conserve the maximum redox
ability of the integrated system. Of note, the interfacial chemical bond in
the MCS/BOB heterostructure may function as atomic-level charge
transportation passage, favoring the S-scheme charge drift and separa-
tion. Meanwhile, the OVs are helpful to fostering the photo-carrier
disassociation and the availability of numerous active sites, thus
strengthening the photo-redox capability [41,69–72]. Above all, profit-
ing from the synergy of the interfacial Bi–S bond, IEF, S-scheme heter-
ostructure and OVs, the optimal MCS/BOB heterostructure demonstrates
superior photo-redox performance towards the decontamination of TC
and Cr (VI).

3. Conclusions

In summary, an innovative S-scheme photosystem of MCS/BOB with
interfacial bond and OVs, constructed by pinning MCS nanoparticles on
BOB microflowers, is delicately devised for efficacious decontamination
of antibiotic and Cr(VI). The OVs mediated S-scheme system with
interfacial Bi–S bond and internal electric field between MCS and BOB
reinforces the sunlight responsiveness, promotes the disassociation and
segregation of photo-carriers, and maximizes the redox potential, thus
strengthening the photocatalytic performance significantly. This dis-
covery demonstrates that combining interfacial chemical bonds and de-
fects modulated S-scheme junction is a promising route for the
development of outstanding catalysts for environmental protection.

4. Experiment

4.1. Catalyst preparation

Synthesis of Mn0⋅5Cd0⋅5S (MCS): Initially, 1.442 g of L-cystine was
9

dispersed into 50 mL deionized water to yield a white suspension by
magnetic agitation. Then the pH of the suspension was adjusted to 10.6
using NaOH (6 mol L�1). Afterwards, 25 mL of aqueous solution con-
taining 0.266 g Cd (AC)2⋅2H2O and 0.245 g Mn (AC)2⋅2H2O was grad-
ually added while stirring constantly. The resulting mixture was stirred
for 1 h before being heated in a 50 mL Teflon-lined autoclave at 130 �C
for 10 h. The solid samples were rinsed sufficiently with deionized water
and alcohol, and dried at 60 �C overnight.

Synthesis of Mn0⋅5Cd0⋅5S/BiOBr (MCS/BOB):0.7275 g of Bi
(NO3)3⋅5H2O and 0.1785 g of KBr were dissolved in 12 mL of ethylene
glycol and 24 mL of ethylene glycol-ethanol solution composed of 12 mL
of ethylene glycol and 12 mL of ethanol), which were termed as solution
A and B, respectively. While stirring, solution B was poured into A to
attain transparent liquid C. Next, a weighed amount of MCS was fully
suspended in solution C with stirring for 3 h. The mixture loaded into 50
mL Teflon-lined autoclave was reacted at 150 �C for 10 h. The solid
samples were efficaciously rinsed with ethanol and deionized water to
swap out the solvents the before being dried at 65 �C overnight. MCS/
BOB-1, MCS/BOB-2, and MCS/BOB-3 samples were obtained with
MCS/BOB mass ratios of 5%, 10%, and 30% respectively. For compari-
son, an OV-deficient BiOBr denoted as D-BOBwas also synthesized under
the identical condition by replacing ethylene glycol-ethanol solution
with deionized water.

4.2. Photocatalytic measurements

The photocatalytic decontamination of tetracycline hydrochloride
(TC) and Cr(VI) were carried out to probe the catalytic efficacy of the as-
created MCS/BOB. Typically, 30 mg of catalysts was placed in TC solu-
tion (20mg/L, 80 mL) or Cr(VI) solution (10 mg/L, 80 mL). The pollutant
solution was stirred in dark for 30 min to get homogeneous suspension
and make it reach adsorption balance. Subsequently, the irradiation by a
300 W Xe lamp (λ > 420 nm) triggers the photoreaction. At each time
interval, the solution was taken out for analysis. The TC concentrations
were quantified utilizing a UV–vis spectrophotometer at its maximum
absorption wavelength of 356 nm. Meanwhile, the Cr(VI) concentrations
were tested via the diphenylcarbazid (DPC) approach with spectropho-
tometer at 540 nm.
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