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G R A P H I C A L A B S T R A C T
� A novel plasmonic MOF-based S-scheme
heterostructure of Au/MIL-101(Fe)/
BiOBr was devised.

� Au/MIL-101(Fe)/BiOBr exhibited high
photo-activity for the eradication of
Cr(VI) and norfloxacin.

� Au/MIL-101(Fe)/BiOBr worked more
effectively in a Cr(VI)-NOR coexistence
system.

� The photocatalysis mechanism, anti-
biotic degradation pathways, and toxic-
ities were analyzed.

� Integrating MOF-based S-scheme heter-
ojunctions and a plasmonic effect
contributed to the reinforced photo-
activity.
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A B S T R A C T

Present photocatalysts for the synchronous cleanup of pharmaceuticals and heavy metals have several drawbacks,
including inadequate reactive sites, inefficient electron–hole disassociation, and insufficient oxidation and
reduction power. In this research, we sought to address these issues by using a facile solvothermal-photoreduction
route to develop an innovative plasmonic S-scheme heterojunction, Au/MIL-101(Fe)/BiOBr. The screened-out
Au/MIL-101(Fe)/BiOBr (AMB-2) works in a durable and high-performance manner for both Cr(VI) and nor-
floxacin (NOR) eradication under visible light, manifesting up to 53.3 and 2 times greater Cr(VI) and NOR
abatement rates, respectively, than BiOBr. Remarkably, AMB-2's ability to remove Cr(VI) in a Cr(VI)-NOR co-
existence system is appreciably better than in a sole-Cr(VI) environment; the synergy among Cr(VI), NOR, and
AMB-2 results in the better utilization of photo-induced carriers, yielding a desirable capacity for decontaminating
Cr(VI) and NOR synchronously. The integration of MOF-based S-scheme heterojunctions and a plasmonic effect
contributes to markedly reinforced photocatalytic ability by increasing the number of active sites, augmenting the
visible-light absorbance, boosting the efficient disassociation and redistribution of powerful photo-carriers, and
elevating the generation of reactive substances. We provide details of the photocatalytic mechanism, NOR
decomposition process, and bio-toxicity of the intermediates. This synergistic strategy of modifying S-scheme
heterojunctions with a noble metal opens new horizons for devising excellent MOF-based photosystems with a
plasmonic effect for environment purification.
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1. Introduction

The issue of water contamination induced by toxic pharmaceuticals
and heavy metals is one of the most overwhelming concerns in the area of
environmental deterioration, heavily endangering ecological systems and
human life [1,2]. To date, numerous means have been extensively applied
to address these concerns, such as conventional biodegradation, filtration,
electrocatalysis, adsorption, and photocatalysis [3–7]. One of the most
economical, effective, and sustainable advanced technologies is
sunlight-initiated photocatalysis, which harnesses solar energy to
engender powerful radicals that eliminate toxic and recalcitrant pollutants
[5,6,8]. However, the photocatalytic destruction of these pollutants
commonly encounters difficulties that include weak redox capacity and
low catalytic performance, owing to the intrinsic thermodynamic and
kinetic sluggishness of the photoreaction [9]. Designing and exploring
high-performance sunlight-responsive materials are cornerstone activities
in the field of photocatalysis technology [10–22]. It is highly necessary to
devise a multifunctional photocatalyst that can achieve the high-efficiency
cleanup of toxic pharmaceuticals and metal ions concurrently, due to the
widespread co-existence of these contaminants in wastewater.

Among the numerous photocatalysts, BiOBr has aroused significant
attention for its admirable layered architecture, high stability, favorable
band structure, and remarkable photoelectronic properties [23–25].
Nevertheless, bare BiOBr suffers from a fast photo-carrier reunion rate,
limited active sites, and low sunlight harnessing capacity, with unsatisfac-
tory catalytic outcomes [26,27]. To surmount these drawbacks, hetero-
junction fabrication has proven to be a pragmatic tactic [28–37], with an
exceptional S-scheme system gaining increasing interest because of its
preeminent photo-carrier reunion suppression and redox potential optimi-
zation [38–42]. So far, increasing energy has been devoted to the devel-
opmentofBiOBr-involvedS-schemeheterojunctionsbycombiningavariety
of non-metal–organic frameworks (non-MOFs) semiconductors (e.g., metal
oxides, sulfides, non-metal polymer semiconductors, etc.), and BiOBr [43,
44]. However, these non-MOFs/BiOBr S-scheme catalysts have poor reac-
tive sites and other problems that result in unsatisfactory performance.

MOFs have generated tremendous interest in the field of photo-
catalysis [45–49]; comprising organic molecules and metal ions/clusters,
they feature large surface areas, rich and accessible active sites, as well as
controllable structure and function. Notably, the promising Fe-based
MOF MIL-101(Fe) has been explored as an emerging visible-light-active
photocatalyst for wastewater treatment, CO2 reduction, and H2 produc-
tion because of its amazing structural merits, unique ligand-metal charge
migration route, and suitable band structure [50,51]. Recent works have
shown that MIF-101(Fe) can function as an efficient co-catalyst, and that
designed MIF-101(Fe)-based systems have the advantages of sufficient
surface-exposed reactive sites and improved photo-carrier shuttling,
boosting the material's catalytic properties [52–54]. Significantly, the
localized surface plasmon resonance (LSPR) of noble metals can be uti-
lized to foster the detachment and transport of photo-carriers and rein-
force sunlight absorption by the heterostructure. Typically, Au with LSPR
is developed as a classic plasmonic material to boost the photoreaction
kinetics [55–58]. Building a plasmonic MOF-based S-scheme hetero-
junction that can integrate the merits of a plasmonic effect, a MOF, and
an S-scheme architecture is therefore a prospective strategy for obtaining
high-performance photocatalysts for environmental purification. Yet no
research on the development of plasmonic S-scheme photocatalysts
based on MIL-101(Fe) for wastewater contamination has hitherto been
reported.

Based on the foregoing, we developed an innovative plasmonic het-
erostructure of Au/MIL-101(Fe)/BiOBr through combining the superior
qualities of a MOF-based S-scheme heterostructure and plasmonic Au.
The establishment of a LSPR-assisted MOF-involved S-scheme configu-
ration resulted in a broader light absorption range, stronger photoredox
capacity, and plenty of exposed reaction sites, enabling Au/MIL-101(Fe)/
BiOBr to achieve superior photo-redox ability for the synchronous
destruction of antibiotics and Cr(VI). This research provides a strategy to
2

develop a plasmonic photocatalyst combining a MOF-containing S-
scheme heterostructure for the photocatalytic eradication of antibiotics
and Cr(VI) simultaneously.

2. Experiment

2.1. Sample synthesis

The synthesis process of Au/MIL-101(Fe)/BiOBr (AMB) is summa-
rized in Fig. 1a.

2.1.1. Synthesis of MIL-101(Fe) (MIL)
MIL-101(Fe) crystals were synthesized through a solvothermal

approach [52]. 1 mmol each of H2BDC and FeCl3⋅6H2O were separately
dissolved in 18 mL of DMF using ultrasonication for 20 min. Next, under
constant stirring, the H2BDC solution was mixed with the FeCl3 solution.
After further agitation for 60 min, the reaction precursors were injected
into a 50mL autoclave in an oven at 110 �C for 20 h to finish the reaction.
The MIL solids were washed with hot DMF and ethanol, then dried at 70
�C in a vacuum oven overnight.

2.1.2. Synthesis of MIL-101(Fe)/BiOBr (MIL/BOB)
Typically, 1.0 mmol of Bi(NO3)3⋅5H2O was dissolved in 12 mL of

ethylene glycol with sonication for 30 min. Next, 0.092 g of MIL was
introduced into the Bi(NO3)3 solution with agitation for 1 h. After that,
KBr solution obtained by dissolving KBr (1.0 mmol) into ethanol (12 mL)
and ethylene glycol (12 mL) was injected dropwise into the above sus-
pension with constant agitation for 2 h. After that, the obtained solution
was sealed in a 50 mL autoclave and reacted at 140 �C for 10 h. Once the
reaction mixture had cooled down, MIL/BOB was obtained after being
washed three times with ethanol and water. Using the same method,
BiOBr was also prepared in the absence of MIL.

2.1.3. Au/MIL-101(Fe)/BiOBr (AMB)
AMB heterojunctions were fabricated via a facile photoreduction

approach. 0.5 g of MIL/BOB and a certain amount of HAuCl4 were
dispersed in 30mL of methanol and 20mL of H2Owith constant agitation
for 30 min. Next, the mixture underwent illumination with a 300 W
xenon lamp for 30 min. AMB heterojunctions with 0.5, 1, and 3 wt% of
Au (denoted as AMB-1, AMB-2, and AMB-3) were attained through
washing, centrifugation, and drying.

2.2. Photo-activity assessment

Experiments assessing the photocatalytic eradication of Cr(VI) and
NOR were conducted under visible light to appraise the catalytic ability
of the as-built nanomaterials. The photoreactions were carried out in a
glass reactor (250 mL) at 25 � 2 �C. Before illumination, 40 mg of the
nanomaterial were dispersed in the Cr(VI) (20 mg/L, 150 mL) or NOR
(10 mg/L, 150 mL) solutions, then the reaction suspensions underwent
sonication for 20 s and agitation for 30 min. Next, the lamp (λ > 420 nm,
300 W Xe lamp) was turned on to illuminate the continuously stirred
reaction system, triggering the reaction. 1.0 mL of specimen was
extracted at certain intervals, and its concentration was determined by a
UV–vis spectrometer, wherein the Cr(VI) concentration was monitored
according to the standard diphenylcarbazide (DPC) approach. All the
experiments were completed in triplicate.

3. Results and discussion

3.1. Composition and morphology

Scanning electron microscopy (SEM) and transmission electron mi-
croscopy (TEM) characterizations were conducted to disclose the mi-
crostructures of BOB and AMB-2. BOB presents a nanoflower architecture
built from stacked nanoplates with tidy surfaces (Fig. 1b). The as-built
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AMB-2 possesses a similar nanoflower-shaped structure, and its surface is
tightly covered with MIL octahedrons (size: ~100–700 nm) and Au NPs
(size: ~5–30 nm) (Figs. 1c–e). The densely connected interface of AMB-2
is an advantageous morphological configuration for the interfacial
transportation and separation of photo-created charge carriers during the
photoreaction, boosting ROS generation [39,59] (Figs. 1c–g). High-
resolution TEM (HR-TEM) reveals a pronounced lattice spacing of 0.28
nm, equivalent to the (012) crystal plane of BOB (Fig. 1h), which is
consistent with the X-ray diffraction (XRD) analysis (Fig. 2a). The
Energy-dispersive X-ray (EDX) spectrum and elemental mapping (Fig. 1i)
also corroborate the presence of Fe, C, Au, O, Br, and Bi elements and the
even dispersion of Fe, C, and Au on the entire nanoflower, signifying the
successful fabrication of AMB-2.

The phase structures of BOB, MIL, MIL/BOB, AMB-1, AMB-2, and
AMB-3 were identified via powder XRD (PXRD) analysis (Fig. 2a). All
the diffraction peaks of BOB and MIL are consistent with BiOBr (JCPDS
73–2061) [28] and MIL-101(Fe) [50], respectively. The as-built
Fig. 1. (a) Illustration of the AMB catalyst fabrication process; (b) SEM image of BOB
elemental mapping images of AMB-2.

3

MIL/BOB unveils the characteristic peaks of BOB, with weakened
crystallinity; no MIL signals are apparent, probably due to the small
amount and low crystallinity of MIL in the heterojunction. With deco-
ration by Au NPs, all the AMB heterojunctions exhibit PXRD patterns
similar to that of MIL/BOB, ascribed to the small amount of Au NPs. To
confirm the formation of the AMB heterostructure, Fourier transform
infrared (FT-IR) and X-ray photoelectron spectroscopy (XPS) charac-
terizations were performed.

The surface chemical components of MIL, BOB, and AMB-2 were
examined by FT-IR (Fig. S1a). The FT-IR spectrum of BOB contains a
characteristic peak centered at 501.49 cm�1, assigned to the Bi–O bond.
In the case of MIL, the distinct bands at 547.78 and 749.16 cm�1 are from
Fe–O vibration modes [60]. The bands at 1396.51, 1597.06, and
1658.81 cm�1 correspond to the O–C¼O group of H2BDC [61]. The
FT-IR spectrum of AMB-2 presents the typical peaks of MIL and BOB, with
slight shifts, indicating MIL and BOB are well combined in AMB-2. No Au
band is visible due to the low Au content.
; (c–e) SEM images of AMB-2; (f, g) TEM images, (h) HR-TEM image, (i) EDX and



Fig. 2. (a) PXRD patterns of as-built catalysts; XPS spectra of (b) Bi 4f, (c) Br 3d, (d) O 1s, (e) Fe 2p, (f) Au 4f of BOB, MIL, and AMB-2.
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The chemical states of the catalysts were studied with XPS (Figs. 2b–f
and Figs. S1b and c). The survey spectrum in Fig. S1b indicates AMB-2
contains Bi, C, O, Fe, and Br elements, confirming the perfect integra-
tion of MIL, Au, and BOB. Figs. 2b and c display the Bi 4f and Br 3d
spectra. The peaks at 164.55 and 159.25 eV are from Bi 4f5/2 and Bi 4f7/2,
respectively (Fig. 2b) [62], and the signals at 69.35 and 68.3 eV belong
respectively to Br 4f3/2 and Br 4f5/2 (Fig. 2c) [28], which can be credited
to the Bi3þ and Br� in BOB. In Fig. 2d, the O 1s spectrum of BOB unveils
two signals at 530.3 and 531.05 eV, in accordance with the lattice O atom
and the attached O surface group. The Fe 2p spectrum of MIL is divided
into five peaks: Fe 2p3/2 (711.3 and 713.8 eV), Fe 2p1/2 (725.15 eV), and
the satellite peaks (730.9 and 717.65 eV), signifying the presence of Fe3þ

and Fe2þ in MIL (Fig. 2e) [52]. The Au spectrum of AMB-2 contains two
prominent signals at 84.05 and 87.7 eV, assigned to Au 4f (Fig. 2f) [55].
The C 1s spectrum of AMB-2 presents three typical signals, corresponding
to the C–C (284.8 eV), C–O (286.25 eV), and O–C¼O (288.8 eV) bonds
(Fig. S1c). Notably, the binding energies (BEs) of Bi and Br (Fe and O) in
AMB-2 become more negative (positive) in comparison with those in
single BOB (MIL), indicating the electrons of MIL jump into BOB across
the heterointerface. Such electron acceptor–donor coupling between
BOB and MIL gives rise to an internal field from MIL to BOB.

The Brunauer–Emmett–Teller (BET) surface area information for
BOB, MIL, and AMB-2 were acquired by measuring N2 adsorp-
tion–desorption curves (Fig. S2). Benefiting from its highly porous ar-
chitecture, MIL has an impressive specific surface area (362.17 m2/g).
After incorporating MIL-101(Fe), BiOBr, and Au, the as-built AMB-2
demonstrates a substantial improvement in surface area (241.13 m2/g)
relative to pristine BiOBr (10.2 m2/g), which boosts sunlight-driven
photo-redox reactions by supplying numerous pollutant-capturing and
reaction sites [62–64].

3.2. Photocatalytic performance

Photocatalytic Cr(VI) reduction tests were implemented over as-
built materials under visible light (Fig. 3a and Fig. S3a). As depicted
4

in Fig. 3a, compared with bare BOB, the binary and ternary hetero-
junctions possess reinforced Cr(VI) adsorption capacity, which is
associated with the incorporation of porous MIL. The photocatalytic
Cr(VI) reduction capabilities of the as-built materials are in the order
AMB-2 (99.1%) > AMB-3 (93.4%) > AMB-1 (75.9%) > MIL/BOB
(55.9%) > MIL (35.8%) > BOB (10.7%). Significantly, the binary
MIL/BOB outperforms the pristine samples, due to the production of
favorable S-scheme junctions. Thanks to the synergy of the LSPR effect
between the Au and the S-scheme architecture, the as-built AMB
heterojunctions obtain reinforced photo-activity compared to
MIL/BOB. The photoreduction activity of AMB is associated with
various Au contents because of different functions: suitable Au content
can take full advantage of the LSPR effect in the AMB heterojunction,
while superfluous Au can cover the reactive centers and block visible-
light utilization [56]. Impressively, AMB-2 loaded with the proper
dose of Au has maximum Cr(VI) eradication activity. The Cr(VI)
abatement rate constants were determined through fitting the
pseudo-first-order kinetics (Fig. S3a). AMB-2 achieves the largest rate
constant of 0.2337 min�1, which is 18.3, 53.3, and 5.2 times more
than for MIL (0.0121 min�1), BOB (0.0043 min�1), and MIL/BOB
(0.0375 min�1), respectively.

The photocatalytic Cr(VI) abatement efficiency of AMB-2 at different
pH values was assessed. As shown in Fig. 3b, after 20 min of reaction,
100%, 100%, 99.1%, 67.8%, and 45.4% of Cr(VI) was eliminated by
AMB-2 at pH levels of 2.5, 4.0, 5.5, 7.0, and 8.5, respectively. Notably,
AMB-2 is capable of effectively photo-reducing Cr(VI) at low pH, indi-
cating acidic conditions are helpful for Cr(VI) reduction over AMB-2,
because abundant Hþ accelerates the reduction of Cr(VI) into Cr(III)
[39,50]. The attenuated activity under alkaline conditions could result
from the lack of Hþ [39].

The Cr(VI) photoreduction ability of AMB-2 with organic acids was
also evaluated (Fig. S3b). It is clear that the photo-activity of AMB-2 is
significantly upgraded after the injection of organic acids, as they make a
significant contribution to enriching the photo-induced electrons by
capturing photo-produced holes. Among these acids, tartaric acid plays



Fig. 3. (a) Photocatalytic Cr(VI) abatement over as-built samples across time; (b) capability of AMB-2 to eliminate Cr(VI) at different pH levels; (c) effects of various
salts on Cr(VI) eradication efficiency over AMB-2; (d) capability of AMB-2 to eliminate Cr(VI) with quenchers present; (e) photocatalytic NOR destruction over as-built
samples across time; (f) ability of AMB-2 to eliminate NOR with quenchers present; capability of AMB-2 to eliminate Cr(VI) (g) and NOR (h) in a co-existence system
and a sole-pollutant system; (i) stability of AMB-2 when eliminating Cr(VI) and NOR simultaneously.
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the most significant role in boosting Cr(VI) removal (Fig. S3b), due to the
number of α-hydroxyl groups it contains.

The Cr(VI) photoreduction performance of AMB-2 in coexistence with
different anions was examined. Fig. 3c shows that all the anions except
for CO3

2� have a negligible impact on Cr(VI) abatement, but in the
presence of CO3

2�, Cr(VI) abatement is notably inhibited, with 56.8%
activity loss due to the elevated pH induced by CO3

2�.
To assess AMB-2's applicability under real-world conditions, its

photo-activity for Cr(VI) abatement in tap water and river water was
tested. As exhibited in Fig. S3c, the photo-activity of AMB-2 is inhibited
to a moderate extent in both water matrices, with 95.8% and 82.7%
Cr(VI) removal in river and tap water, respectively. The moderate ac-
tivity decrease is credited to the presence of organics and inorganics,
which result in fewer exposed reactive centers and/or less visible-light
absorption [62]. The above findings reflect the significant potential of
AMB-2 for actual implementation.
5

Radical-capturing experiments were implemented to identify the
reactive species responsible for Cr (VI) eradication. As depicted in
Fig. 3d, the injection of benzoquinone (BQ, quencher of ⋅O2

�) brings
about a certain inhibitory effect on Cr(VI) eradication, reflecting that
⋅O2

� species are involved in the photoreaction. The abatement of Cr(VI)
is considerably suppressed in the presence of KBrO3 (quencher of e–),
substantiating the prominent role of e– in the photocatalytic Cr(VI)
eradication process (Fig. 3d).

The performance of BOB, MIL, MIL/BOB, AMB-1, AMB-2, and AMB-3
for the photocatalytic NOR destruction reaction was also evaluated
(Fig. 3e), and we found that the AMB ternary heterojunctions outperform
the original materials and the binary heterojunction. The best-performing
AMB-2 had a NOR degradation efficiency of up to 81.8% within 75 min.
Impressively, the rate constant of AMB-2 reached 0.0214 min�1, which
was 2.0, 11.6, and 1.1 times higher than that of BOB (0.0072 min�1), MIL
(0.0017 min�1), and MIL/BOB (0.0104 min�1) (Fig. S4a).
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The photocatalytic NOR eradication performance of AMB-2 under
real environmental conditions was also examined. Fig. S4b shows the
eradication efficiency of NOR dropping by 2.9% and 13% in tap water
and river water, respectively, due to interference from organic and
inorganic substances [38]. However, the inhibitory impact is limited,
confirming the remarkable application potential of AMB-2. More signif-
icantly, AMB-2 also manifests robust treatment efficacy towards the
destruction of oxytetracycline (85.2%, 90 min) and ciprofloxacin (91.6
%, 75 min) (Fig. S4c). The radical-quenching test was performed to
determine the role of ROS (Fig. 3f). With the injection of BQ, IPA, and
EDTA-2Na, the NOR abatement rates drop by 13.2%, 32.7%, and 46.6%,
respectively, revealing the pivotal role of hþ and ⋅OH for NOR
destruction.

The coexistence of toxic metals (e.g., Cr(VI)) and antibiotics (e.g.,
NOR) in wastewater poses the challenge of effectively eradicating these
pollutants. Thus, tests were conducted in a Cr(VI)-NOR environment to
check the potential of AMB-2 for their concurrent cleanup. From Fig. 3g,
we can see that the Cr(VI) abatement efficiency over AMB-2 rises to 100
% within 15 min in the Cr(VI)-NOR mixed environment, and the corre-
sponding k is as high as 0.3556 min�1, about 1.5 times that achieved in a
pure Cr(VI) environment (Fig. S5a). Evidently, the catalytic Cr(VI)
abatement ability of AMB-2 is substantially strengthened in a Cr(VI)-NOR
mixed environment compared with in a pure Cr(VI) solution. This results
from the synergy between the plasmonic S-scheme catalyst, Cr(VI), and
NOR, wherein the NOR scavenges photo-induced hþ in AMB-2, ensuring
the effective detachment and enrichment of e� for the photoreduction of
Cr(VI) [65,66]. AMB-2 also maintains high activity towards NOR eradi-
cation in this co-existence environment (Fig. 3h and Fig. S5b). Overall,
AMB-2 is capable of synchronously eliminating Cr(VI) and NOR in
effluent, due to the creation of a special LSPR coupling S-scheme archi-
tecture that ensures the concurrent utilization of photo-created electrons
and holes.

The mineralization activity of AMB-2 was evaluated by detecting the
total organic carbon (TOC) values of NOR wastewater before and after
treatment (Fig. S6). After 75 min of photoreaction, AMB-2 achieved 40.1
% TOC abatement, signifying it has notable mineralization performance.

Stability is an important index for evaluating the sustainability and
practicality of photocatalysts for wastewater purification. Thus, the
photocatalytic stability of AMB-2 in a co-existence system was checked
through five successive cycles. We see in Fig. 3i that the removal effi-
ciencies of Cr(VI) and NOR are diminished by only 6.9% and 14.9% after
the fifth cycle, reflecting the AMB-2's high recycling stability. Moreover,
the FT-IR spectrum, XRD pattern, and XPS spectra (Bi 4f, Br 3d, and Fe
2p) of the used AMB-2 after tests are similar to those of the original
(Figs. S7a–e), verifying its structural stability. XPS measurement was also
conducted to reveal the photoreduction product of Cr(VI) over AMB-2
(Fig. S7f). The XPS spectrum of Cr 2p contains two typical signals of
Cr(III): 577.87 eV (Cr 2p3/2) and 587.34 eV (Cr 2p1/2). This finding
demonstrates the photocatalytic conversion of Cr(VI) to Cr(III) in the
AMB-2/visible-light system [62].

To illustrate the process of NOR degradation by AMB-2, we used
liquid chromatography–mass spectrometry to identify intermediates,
sampling the reaction solution at various times (Fig. S8, Table S1). On the
basis of the m/z values, the molecular structures of the intermediates
were identified and are displayed in Table S1. Basically, the degradation
process of NOR over AMB-2 consists mainly of functional group
detachment (e.g., defluorination, decarboxylation, etc.), ring opening,
bond cleavage, and deep oxidation. To be specific, two photocatalytic
NOR transformation routes are proposed (Fig. 4a). In route I, the assault
of ROSs and hþ on the NOR breaks the piperazine ring, engendering P1
(m/z ¼ 294). Next, C–N bond breakage occurs, decomposing P1 into P2
(m/z ¼ 252). After that, defluorination, decarboxylation, and pyridine
ring breakage bring about the transformation of P2 into P3 (m/z ¼ 148).
In route II, the generation of P4 (m/z ¼ 259) from NOR is achieved
through defluorination and the opening of piperazine rings. Next, P4 (m/
z ¼ 259) is oxidized into P5 (m/z ¼ 292), which is further decomposed
6

into P6 (m/z ¼ 171) and P7 (m/z ¼ 121) via decarboxylation, deami-
nation, and bond-cleavage reactions. The fierce, deep oxidation reactions
bring about the fragmentation of aromatic moieties and cyclic structures,
resulting in the low-molecular-weight compounds of P8–P11.

The toxicity of NOR and the byproducts of its breakdown were esti-
mated by utilizing T.E.S.T. software (Figs. 4b–d and Table S2). The ma-
jority of the intermediates show distinctly lower acute toxicity than NOR
(Fig. 4b). NOR's mutagenicity value (0.6) is higher than most of the
byproducts' values, with P7 (�0.01) and P9 (0.5) being mutagenically
negative compounds (Fig. 4c). Most of the byproducts exhibit decreased
developmental toxicity compared to NOR, except P1, P4, and P5, with
P3, P7, P9, and P11 being developmental non-toxicants (Fig. 4d). The
above findings signify that treatment by the AMB-2 photosystem could
effectively lessen the overall eco-toxicity of a NOR solution, implying that
AMB-2 holds promise for the practical treatment of antibiotic
wastewater.

As we know, light responsiveness is a fundamental prerequisite for
photocatalysts to initiate photoreactions. Thus, the absorption spectra of
BOB, MIL, MIL/BOB, AMB-1, AMB-2, and AMB-3 were measured and
presented in Fig. 5a. BOB and MIL can harvest UV light and visible light
below � 470 and 526 nm, in accordance with bandgaps (Eg) of 2.63 and
2.15 eV, obtained utilizing the Kubelka�Munk function: (αhv)2 ¼ A(hv
� Eg) (Fig. 5b). MIL/BOB has demonstrably better light-capturing ability
compared to BOB and MIL on their own, which is attributed to the MIL/
BOB heterojunction. Encouragingly, the AMB-1, AMB-2, and AMB-3
ternary heterojunctions manifest appreciably better spectral absorption
from 200 to 800 nm, benefiting from the LSPR absorption of Au NPs,
which concurs with previous findings [55]. This fact indicates that AMB
heterojunctions can effectively take advantage of visible light to drive
photoreactions.

The Mott�Schottky profiles of MIL and BOB were acquired to define
their conduction band (CB) potentials (Fig. 5c) [67]. The flat-band po-
sitions (Efb) of MIL and BOB are about �0.82 and �0.47 V versus
Ag/AgCl, equal to �0.62 and �0.27 V versus NHE. Given the ECB is
approximately 0.1 V more negative than the Efb in n-type semi-
conductors, the ECB of MIL and BOB are �0.72 and �0.37 V (versus
NHE), revealing the CB electrons of both components are energetically
capable of triggering the conversion of O2 to ⋅O2

� species. On the basis of
the defined Eg from the DRS spectra and the equation ECB ¼ EVB – Eg, the
EVB of MIL and BOB would occur at 1.43 and 2.26 V (versus NHE),
revealing the sufficient oxidative potential of the BOB VB holes for
accomplishing the formation of ⋅OH from OH�. The corresponding en-
ergy diagram of AMB is depicted in Fig. 5f.

To observe the charge transport behavior at the hetero-interface, we
used ultraviolet photoelectron spectroscopy (UPS) to define the work
function (Φ) of BOB (5.52 eV) and MIL (4.55 eV) (Fig. 5d). Valence band
(VB) XPS was employed to define the Fermi level (Ef) of BOB (0.79 V) and
MIL (�0.53 V) (Fig. 5e). The largeΦ (Ef) variation between MIL and BOB
is conducive to the acquisition and redistribution of directed charge flow
so as to trigger an attractive internal electric field (IEF) from MIL to BOB
and edge bending upon their hybridization (Fig. 5j), fostering the
enrichment and utilization of photo-induced carriers for ROS generation
during photocatalysis.

To obtain significant evidence for the S-scheme charge transport path
during photocatalysis, we implemented in situ irradiated XPS measure-
ment [38,68]. Under light illumination, the Bi 4f and Br 3d peaks move to
higher BEs, while the Fe 2p peak shifts to a lower BE (Figs. 5g–i). The
above phenomenon reveals the directional movement of photo-induced
electrons from BOB to MIL under light illumination, confirming the
fabrication of an S-scheme junction between them.

Evidently, upon the creation of AMB-2 in darkness (Fig. 5j), the
electrons (e–) of MIL spontaneously jump into BOB to equilibrate their Ef
levels, giving rise to an IEF from MIL to BOB and upward (downward)
band-bending of MIL (BOB), consistent with the XPS findings (Figs. 2b–f)
and work function determination (Fig. 5d). When irradiated by light, the
photo-induced electrons of BOB preferably transfer to MIL and



Fig. 4. (a) Photocatalytic NOR transformation process over AMB-2; (b–d) Eco-toxicity assessment.
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recombine with the VB holes of MIL (Figs. 5g–i), contributing to the
effective storage of powerful carriers for ROS generation.

Photo/electrochemical measurements were performed to elucidate
the photo-created carrier dynamics of BOB, MIL, MIL/BOB, and AMB-2.
7

The transient photocurrent responses under chopped light irradiation for
five cycles are presented in Fig. 6a. AMB-2 exhibits a substantially
stronger TPR signal than BOB, MIL, and MIL/BOB, implying the effective
reinforcement of the photo-carrier concentration induced by the



Fig. 5. (a) UV–vis spectra of as-built catalysts; (b) Tauc's profiles, (c) Mott–Schottky profiles, (d) UPS spectra, and (e) VB-XPS spectra of BOB and MIL; (f) electronic
band alignment of MIL/BOB; XPS spectra of (g) Bi 4f, (h) Br 3d, and (i) Fe 2p for BOB, MIL, and AMB-2 in darkness and under illumination; (j) illustration of the S-
scheme electron migration mechanism in the AMB-2 heterojunction.
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plasmonic S-scheme heterojunction. Electrochemical impedance spec-
troscopy (EIS) was applied to define the charge transportation impedance
of the as-built catalysts (Fig. 6b). The equivalent circuit for the system is
presented in the inset of Fig. 6b. In this model, R1, R2, W1, and C2
respectively represent the resistance between the fluorine-doped tin
Fig. 6. (a) Transient photocurrent intensity and (b) EIS plots of as-built materials; (c,
AMB-2 under illumination; (e) mechanism of photocatalytic Cr(VI)/NOR eradication
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oxide and catalysts, the charge migration resistance across the photo-
anode/electrolyte interface, the Warburg impedance, and the constant
phase element, which are provided in Table S3. Basically, the smaller the
arc radius, the faster the charge migration rate [62,69,70]. Notably,
AMB-2 manifests a considerably smaller arc radius and lower R2 of 71,
d) ESR identification of ⋅O2
� and ⋅OH production over MIL, BOB, MIL/BOB, and

over the AMB catalyst.
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122 Ω compared with BOB (R2, 1,489,000 Ω), MIL (R2, 561,370 Ω), and
MIL/BOB (R2, 500,060 Ω), meaning a considerable enhancement of
photo-carrier transport and separation performance. The photo-
luminescence (PL) spectra were acquired to appraise the detachment
capacity of photo-excited carriers (Fig. S9). It is widely recognized that
fast carrier reunion triggers the increments in a PL signal [62]. As shown
in Fig. S9, BOB possesses the strongest PL intensity, signifying rapid
photo-carrier reintegration. The PL intensity of binary MIL/BOB is
quenched, reflecting the optimization of charge dissociation. After inte-
grating Au and MIL/BOB, the resulting AMB-2 affords the weakest PL
intensity, verifying the advantages of AMB-2 for accelerating the
photo-carrier detachment and transportation processes. The above find-
ings prove that the plasmonic S-scheme configuration of AMB-2 is helpful
for efficiently disintegrating photo-induced carriers, thus promoting the
photocatalytic outcome.

The electron spin resonance (ESR) spectra of MIL, BOB, MIL/BOB and
AMB-2 were examined to assess the ROS (⋅O2

� and ⋅OH) production
performance (Figs. 6c and d). Specifically, the ⋅O2

� signal can be seen in
MIL, BOB, MIL/BOB, and AMB-2 under light irradiation. Among them,
the ⋅O2

� signal intensity of AMB-2 is substantially reinforced compared
to MIL/BOB, MIL, and BOB (Fig. 6c), indicating the advantage of AMB-2
for producing ⋅O2

� species. With respect to the ⋅OH signal, MIL exhibits
no ⋅OH signal, because the VB hþ of MIL is too negative to form ⋅OH
radicals. Strikingly, AMB-2 also demonstrates superior ability in the
photocatalytic generation of ⋅OH compared with MIL/BOB, MIL, and
BOB (Fig. 6d), implying that the plasmonic S-scheme architecture en-
courages the formation of ⋅O2

� and ⋅OH radicals. The ESR findings are in
agreement with the XPS results, work functions, and Fermi levels,
corroborating the formation of the plasmonic S-scheme heterojunction.

Drawing upon the above discussions, the plasmonic effect-assisted S-
scheme photocatalysis mechanism of AMB-2 is illustrated in Fig. 6e.
Under illumination, the electrons in both BOB and MIL are photo-
produced from their VB to their CB, where this process in MIL is ach-
ieved via a ligand-to-metal charge transfer (LMCT) route that is a general
photoexcitation manifold among coordination compounds of transition
metals with an empty valence shell [71]. Subsequently, the IEF and
bandbending make it easier for the photo-induced electrons of BOB to
reintegrate with the holes of MIL, achieving the fast eradication of weak
carriers and the effective separation and enrichment of energetic carriers
for photocatalysis [38,40]. Beyond that, the LSPR effect of Au greatly
reinforces the photocatalytic outcome through the injection of
LSPR-generated hot electrons into MIL and boosts the responsiveness to
sunlight, thus promoting the photoreactions [72,73].

Notably, although significant progress has been made in the field of S-
scheme systems, a plasmonic MOF-based S-scheme architecture with
strong interfacial connections has rarely been developed for the syn-
chronous cleanup of antibiotics and Cr(VI). Overall, the creation of the
LSPR effect combining MOF-based S-scheme heterojunctions, charac-
teristics of reinforced visible-light harnessing capacity, optimal photo-
redox potential, and the availability of numerous exposed reactive cen-
ters promotes the effective production of abundant reactive species for
the highly efficient eradication of Cr(VI) and NOR simultaneously. The
main photoreactions for Cr(VI) and NOR cleanup are as follows:

AMBþhν→AMBðe�; hþÞ (1)

hþðMILÞ þ e�ðBOBÞ→ reintegration (2)

e�ðMIL and AuÞ þ O2 → ⋅O2
� (3)

hþ ðBOBÞ þ H2O → ⋅OHþ Hþ (4)

⋅OH=hþ þ NOR → CO2 þ H2Oþ small molecules (5)

⋅O2
�=e� þ CrðVIÞ → CrðIIIÞ (6)
10
4. Conclusions

In conclusion, we have developed a plasmonic coupling architecture
of Au/MIL-101(Fe)/BiOBr (AMB-2) via a facile route. The AMB-2 catalyst
integrates a MOF-involved S-scheme junction with the local surface
plasmon resonance excitation of Au nanoparticles, which not only yields
ample reaction sites but also upgrades the light-capturing capability and
promotes the disassociation of charge carriers. AMB-2 demonstrates a
distinctive photo-redox activity against Cr(VI) and NOR, surpassing the
activity of MIL, BOB, and MIL/BOB. Significantly, AMB-2 is capable of
effectively accomplishing the synchronous decontamination of Cr(VI)
and NOR. More impressively, the AMB-2 system manifests excellent
potential for treating actual wastewater. This work provides new insights
for the exploration of novel plasmonic coupling MOF-based S-scheme
photocatalysts based on cooperative photo-redox systems for sustainable
environmental remediation.
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