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Abstract
Although both MoS> and nanoscale zero valent iron have presented bright prospects for
environmental remediation. The constrained conductivity of MoS: and the passivation and
aggregation of Fe® still retained challenges. Given this, innovative strategies of activating the
passivation layers of Fe’ into semiconductors by photocatalysis and constructing S-scheme
nanoflower heterojunctions with MoS: (Fe’?@MoS:2) were fabricated. The results revealed that
Fe’@MoS: exhibited enhanced efficiency toward visible-light degradation of tetracycline, which

was 3.20 and 1.27 times as high as that of bare MoS2 and Fe’, respectively. The boosted activity
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was attributed to the cooperation of MoS2 and Fe’. The synergistic effects stemmed from the
following mechanisms: (1) the fluffy nanoflower-like structure and widened interlayer spacing of
MoS: facilitated the dispersion of Fe’, guaranteeing its enhanced adsorption and reduction capacity;
(2) the conductivity of MoS2 was remarkably improved due to the doping of the passivation layers
of Fe’, and the layers were activated as semiconductors by visible-light, causing the establishment
of S-scheme heterojunctions between them and MoS2. Moreover, the kinetics, stability,
recyclability, and optical characteristics of Fe’@MoS2 were confirmed comprehensively. The
potential routes for TC elimination deriving from the action of *O2™ and h" were proposed. These
findings provided novel strategies for construction of Fe’-based S-scheme heterojunction with
advanced visible-light-induced degradation performance.
Keywords: MoS: nanoflower; Nanoscale zero valent iron; Synergistic effect; S-scheme
heterojunction; Tetracycline photodegradation
1. Introduction

Over the years, antibiotics have been extensively employed for the cure of illnesses of living
organisms (Chen et al., 2022). Among them, increasing attention has been devoted to tetracycline
(TC) with broad spectrum and good efficacy (Zhou et al., 2022). However, numerous studies have
shown that TC cannot be accepted fully by organisms, leading to non-negligible amounts of TC
being discharged into the ecosystem (Zhu et al., 2019). The bio-refractory TC eventually presents
grave risks to organism wellness and ecosystem stability because of the emergence of resistance
genes (Zhou et al., 2020; Zhou et al., 2022). Thus, it is urgent to efficiently degrade TC in water
body.

Photocatalyst, such as TiO2, is commonly recognized as an ideal material to degrade TC due to

its environmental friendliness (Liu et al., 2022a; Liu et al., 2022b; Liu et al., 2022¢; Lu et al., 2018).
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However, the drawback that only absorbs UV light limits the large-scale application (Chen et al.,
2015; Chen et al., 2020; Hu et al., 2022; Hu et al., 2023). Conversely, the narrow band gap of MoS2
makes it easy to be excited by visible-light, and the 2D layered structure ensures more permeable
channels (Ahmaruzzaman and Gadore, 2021; Wu et al., 2018). So far, MoS: has been considered
with application prospects in those fields such as energy storage, electronic devices and
environmental remediation (Li et al., 2020; Liu et al., 2022a; Lu et al., 2018; Zhang et al., 2016).
Although molybdenum disulfide (MoS2) has also received extensive attention as a classic
transition-metal dichalcogenides layered photocatalyst (Zhang et al., 2016; Zheng et al., 2016), the
speedy compounding of photo-excited carriers and constrained conductivity of bare MoS:
inevitably limit its photocatalytic performance (Li et al., 2021; Wang et al., 2018). To address these
drawbacks, Jiang et al. constructed a Z-scheme MoS2/CaTiO3; heterostructure and achieved
enhanced photodegradation for TC (Jiang et al., 2020). Li et al. synthesized a recyclable
like-Z-scheme heterojunction of MoS2@Fe3O4@Cu20, and such a structure ensured efficient
photodegradation of TC (Li et al., 2021). Thus, assembling heterojunction composites with other
semiconductors can act as an attractive tactic to strengthen the photocatalytic potential of MoSa.
Meanwhile, nanoscale zero valent iron (nZVI, Fe®) is attracting growing attention towards
antibiotics elimination on account of its cost-effectiveness, considerable reduction capacity and
environmental friendliness (Cao et al., 2021; Qiao et al., 2018; Weng et al., 2021). However, the
inherent magnetism of Fe® causes its strong tendency to aggregate, thereby inhibiting its adsorption
and reactivity to pollutants (Hu and Li, 2018; Shao et al., 2020). Another crucial element restricting
the development of Fe’ is the creation of an oxide film on the shell during the degradation reaction
(Tian et al., 2021). Currently, the general opinion is that the dense oxide layer is mainly composed

of iron oxide (Fe203), which is harmful to the reactivity and lifetime of Fe® (Li et al., 2021; Tian et

3



al., 2021; Xu et al., 2019). However, the cutting-edge researches demonstrate that Fe2O3 has notable
potential for photocatalysis due to its environmental benign and visible-light absorption (Wang et al.,
2021; Zhao et al., 2021; Zhang et al., 2021). Inspired by these, the passivation layer of Fe’ may be
excited by visible-light, and since Fe:O3; and MoS: have a matching energy band structure, a
heterojunction can be constructed between them to boost the conductivity of MoS2. Meanwhile, the
typical layered structure of MoS: is expected to effectively improve the dispersion of nZVI particles,
thereby strengthening their reactivity.

Based on the aforementioned considerations, we innovatively proposed the strategy of
constructing visible-light-driven S-scheme heterojunction between Fe and MoS2 nanoflower as
photocatalyst that was expected to exhibit superior photodegradation performance and synergistic
effects. The heterojunction was beneficial to the enhancement of the dispersion, adsorption,
reduction capacity of Fe’. Moreover, for the first time, our research fabricated Fe’@MoS:
composite via an easy-to-implement method for visible-light photodegradation of antibiotic to
investigate the feasibility and synergistic effects of converting the oxide coating of nZVI to a
semiconductor. The systematic assessments and multiple characterization were adopted to confirm
the successful constructing of an efficient heterojunction between the passivation layer of Fe’ and
MoS: nanoflower. To the best of our knowledge, Fe?@MoS: as a S-type heterojunction
photocatalyst to achieve efficient synergistic visible-light photo-elimination of TC has not been
reported yet. In the meantime, the oxide layer on the surface of Fe enhanced the segregation and
transport of photo-excited charges in MoS2 nanoflower, and it was activated to a semiconductor by
visible-light radiation, which was capable of building a high-performance heterojunction after
combining with MoS2. Besides, we also provided an innovative attempt of constructing a

heterojunction among the oxide coating of Fe’ with MoS2 nanoflower in light of effectively using
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the high semiconductivity of the passivation layer to achieve enhanced photocatalytic performance.

Furthermore, the ultrahigh loading of Fe® in the composite and the generation of a passivation
layer were observed. The excellent TC photodegradation performance, stability and kinetics of
Fe’@MoS: were recorded. Additionally, the visible-light utilization potential as well as energy band
architecture of the passivation layer and MoS2, and in-situ assembly of the S-type nanoflower
heterojunction among the two were investigated deeply. The mechanism and reaction paths of TC
photocatalytic based on the excited and reactive species were systematically elucidated.
2. Materials and methods
2.1. Materials

The diverse materials involved in all experiments were described in the Supplementary
Material.
2.2. Synthesis of heterojunction
2.2.1. MoSz2 nanoflowers

MoS: nanoflowers were assembled from numerous nanosheets manufactured via a simple
hydrothermal process. For formation of homogeneous solution, 2.8425 g of H32Mo7N¢O2s and
5.2523 g of CHa4N2S were sequentially dissolved into 80 mL ultrapure water (UPW), and
magnetically stirred for 30 min. Afterwards, the solution was loaded into a 100 mL Teflon-lined
autoclave and placed at 180 °C for 24 h. After cooling overnight, the prepared MoS:2 nanoflowers
were rinsed and filtered up to 3 cycles with UPW, then vacuum dried and preserved for further use.
2.2.2. Fe'@MoS:

Fe’@MoS: was fabricated using a liquid deposition approach in one anaerobic box (Fig. 1). In
detail, fixed doses of FeSO4-7H20 and MoS:2 nanoflowers were separately dissolved in UPW under

continuous stirring. After that, overdosed KBH4 was gradually injected to this mixture. After
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titration, the obtained products were stirred for an extra 30 min, and then washed and filtered with
UPW, ethanol and acetone respectively. Eventually, the synthesized Fe’@MoS: were desiccated
and saved in one anoxic dryer. To explore the optimal performance of the heterojunction,
Fe’@MoS: with mass ratios of FeSOs+-7H20 and MoS: of 1:2, 1:1, 2:1 were prepared and were
named as Fe@MS-1, Fe@MS-2, Fe@MS-3 individually. For comparison, nZVI was synthesized
via this liquid deposition approach lacking the doping of MoS:2 nanoflowers, and Fe@MS after half
an hour of lightless reaction and after the photocatalytic reaction were designated as Fe2O3@MS,

Reacted-Fe@MS respectively.
MoS, nanoflower Fe'@MoS,

Hydrothermal reaction
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Fig. 1. Schematic diagram for the constructing procedure involving Fe’@MoS: heterojunction.

2.3. Photodegradation test

The photodegradation activity of tetracycline using Fe’@MoS:> was assessed via a
photochemical reaction device equipped with a 300 W xenon lamp (420 nm cut-off filter,

ZQ-GHX-V, China). 10 mg of Fe?@MoS2 powder was spread in tetracycline solution (30 mg-L ™!,

60 mL, pH = 6.5) and continuously stirred for 30 min in the absence of light (the model

concentration of the TC solution (Table S1) was chosen based on the TC concentrations reported in
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previous literature) (Hou et al., 2016). As the adsorption—desorption balance was achieved, the
photoreaction was conducted with visible-light illumination. After 1 mL of samples were obtained,
filtrated and diluted 10 folds, a UV—vis spectrophotometer (UV-1800PC, China) was adopted to
quantify the residual TC levels in them at a wavelength of 357 nm. The following formula (1) was
listed to calculate the degradation efficiency of TC (DE, %):

DE (%) = [(Co— Cr) / Co] x 100% (1)
where Co represents the initial content of TC, and C; means the content of TC at time t (min).
Moreover, cycling experiments with a total of 5 cycles were undertaken in order to investigate the
photodegradation stability of Fe’@MoS2. The effects of light, catalyst dose, pH and TC
concentration on the degradation efficiency of Fe’?@MoS: were also explored.

2.4. Characterizations

Characterization items and associated parameters for the multiple properties of nanomaterials
were illustrated in the Supplementary Material.
3. Results and discussion
3.1. Morphology and structure of nanomaterials

The micro-morphology and architecture of nanomaterials initially reflects their ability to
degrade pollutants. Accordingly, Fe@MS-2 is selected as a representative composite based on its
optimal photocatalytic capacity for TC (shown in Section 3.2) and its morphology is observed and
analyzed using scanning electron microscopy (SEM), transmission electron microscopy (TEM) and
mapping techniques. As observed in Fig. 2a, the nZVI particles have a chain-like structure due to
their inherent magnetic properties (Zhou et al., 2022). Interestingly, the as-prepared MoS: is in the
form of nanoflowers (Fig. 2b—c), which consist of a large number of ultrathin nanosheets. After Fe’

particles are deposited on MoS:2 nanoflowers (Fig. 2d—f), they are either distributed on the petals of
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nanoflowers or confined between the petals. Apparently, Fe® particles exhibit a highly dispersed
state in Fe@MS-2 by overcoming their inherent magnetism, and the number of their available
active sites is further increased. Meanwhile, the fluffy nanoflower-like structure of the composite
provides abundant channels, which facilitate the efficient transfer and adsorption of pollutants. As
shown in Fig. 2g, the (110) plane of Fe® and the (100) plane of MoS: are observed by
high-resolution TEM, indicating that Fe@MS-2 are successfully synthesized. From the test results
of mapping (Fig. 2h), it can be seen that the composite contains O element in addition to Fe, Mo
and S elements, reflecting the surface oxidation of nZVI or the doping of O during the hydrothermal
synthesis of MoSz. Furthermore, the high dispersion of nZVI and the successful preparation of

composites are reconfirmed by mapping.

'Ij;2733 nm
\K

5 nm

Fig. 2. SEM of (a) Fe’, (b—c) MoS2 nanoflowers. (d) SEM, (e-g) TEM and (h) mapping of

Fe@MS-2.



The micro-structure of Fe@MS-2 is further characterized by X-ray diffraction (XRD) to
explicate its more excellent photodegradation performance relative to bare MoSz2. As shown in Fig.
3a, the as-prepared Fe” has observable diffraction peaks at 20 = 44.7° and 81.8°, which correspond
to the (110) and (211) crystal facets of JCPDS No. 06-0696, respectively (Li et al., 2019). The
significant diffraction peaks at 20 = 13.8°, 32.5°, 35.5° and 57.6° are assigned to the (002), (100),
(102) and (110) crystal facets of 2H-MoS2 (JCPDS No. 37-1492) separately (Zheng et al., 2016).
Among them, at low-angle region, the interlayer spacing of 2H-MoS: relative to the (002) crystal
facet is 0.6155 nm (Bai et al., 2019). However, two new diffraction peaks appear at 260 = 9.0° and
16.7° with the combination of Fe” and MoS:. Such a diploid relationship illustrates the generation
of a new layered construction with one broadened interlayer spacing of 0.95 nm relative to that of
0.6155 nm in 2H-MoS2 (Ai et al., 2016; Bai et al., 2019). In Fe@MS-2, the characteristic diffraction
peak of Fe? located at 20 = 44.7° is detected, indicating the successful synthesis of the composite,
which is consistent with the conclusions of TEM and mapping. Structural changes of Fe@MS-2
after dark reaction in TC solution for 30 min are observed. It is noteworthy that after the dark
reaction of Fe@MS-2, new diffraction peaks located at 20 = 17.6°, 24.2°, 29.1°, 35.3°, 39.1° and
50.0° appear with the almost disappearance of Fe’ phase. These peaks correspond to the (113),
(203), (206), (119), (209) and (2112) crystal facets of Fe2O3 (JCPDS No.25-1402), respectively. The
phenomenon fully proves the surface of Fe’ is oxidized to Fe2Os after a lightless reaction for half an
hour. The conclusion that the interlayer spacing of MoS: is widened is also confirmed by the
high-resolution TEM. As can be seen from the TEM image of Fe@MS-2 (Fig. 3b), in addition to the
(110) crystal facet of Fe and the (100) crystal facet of MoS: being labeled, the (002) crystal facet of
MoS: with a layer spacing of approximately 0.95 nm is also clearly observed. From the above

results, it is clear that the doping of Fe expands the interlayer spacing of MoS: from 0.6155 nm to
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0.95 nm (Fig. 3c—d). This result may be responsible for the synthesis method of Fe@MS-2. Before
the preparation, Fe?" is fully dissolved and adsorbed onto MoS2, subsequently, the Fe?" adsorbed
between the MoS: layers is reduced by KBH4 to produce Fe’, thus realizing the expansion of its
interlayer spacing. Obviously, such an enlarged interlayer spacing facilitates the expose of available

reactive centers and the diffusion and adsorption of contaminants.

g - K 9ggc 2z ©
g 2 B =
s 8 228 8§ ¢
3| 3 g8 5
>
5
Rz Fed
€
— = =)
k= = S
Fe? (JCPDS No.06-0696) \
: : \\! > (110) 0
| [ MoS, (JCPDS No.37-1492) Fe? (110)
[T n 1 iy A =
| Fe,0, (JCPDS N0.25-1402) 2000 nm 1999 nm
1 L ) Bt |
L 1 1 1 " 1 " L L 1 3

10 20 30 40 50 60 70 80
20 (degree)

SN

it B
i,

PN

2H-MoS,

€ |Fe2p 3 Fe* (2ps) f 01s )
Fe™ (2p,,) O in adsorbed water (38.13%) /\

o ! ~ | Mos, ‘ _ Lattice O (8.55%)

. \ = o
z e’ 2ps,) o
o A R a

% #

;‘ ? O in adsorbed water (23.18%) / N
0 a3t %) £8 " .
a Fe* 2p,2) Fe™ (2p,,) 5 Fe@MS-2 \\Lnlllce 0 (32.19%)
L [Fe,0,@MS-2 : - =
= =
—

Fe,0,@MS-2 A .

705 540 538 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)

O in adsorbed water (35.66%) /\ \\\
B Lattice O (21.43%)

1 L L

735 730 725 720 75 710




Fig. 3. (a) XRD results for nanomaterials. (b) High-resolution TEM image of Fe@MS-2. Schematic
diagram of the comparison of interlayer spacing (c) before and (d) after MoS: loading with Fe’. (e)
Fe 2p and (f) O 1s XPS spectra of nanomaterials.

X-ray photoelectron spectroscopy (XPS) of nanomaterials are measured to gain insight into
their structural changes during preparation and degradation. As depicted in Fig. Sla, XPS survey
spectra indicate the existence of Fe, Mo, S, and O elements in Fe@MS-2, again demonstrating the
successful preparation of composite. Mo 3d XPS spectra indicate the existence of Mo*" and Mo®" in
Fe@MS-2 (Fig. S1b), and the generation of Mo®" may originate from the slight oxidation of surface
Mo*" during the synthesis of composite (Sun et al., 2018; Zhang et al., 2020). The Fe 2p3. peak at
707.46 eV is assigned to Fe’, and the Fe 2p peaks at 711.34 eV (2p32) and 724.88 eV (2p12) are
ascribed to Fe2Os, which confirms the previously reported conclusion that the surface of nZVI has a
slim oxide film (Fig. 3e) (Fang et al., 2010; Ling and Zhang, 2015). Nevertheless, the feature peak
of nZVI vanishes after the lightless reaction for half an hour, and the peaks of Fe2O3 at 711.48 eV
and 725.06 eV stay present. This phenomenon adequately demonstrates that the oxide coating on
the nZVI becomes significantly thicker after dark reaction relative to that before the reaction, which
is consistent with the results in XRD. Moreover, as shown in Fig. S2, the two characteristic peaks
assigned to Fe2Os are still existing after the photodegradation reaction of Fe@MS-2
(Reacted-Fe@MS-2), indicating that no new iron oxides are observed with prolongation of the
reaction time. For O 1s XPS spectra (Fig. 3f), the O in adsorbed water of 3 samples (MoS2,
Fe@MS-2, FexO3@MS-2) shows a characteristic of first decreasing and then increasing, which
originates from the drying process during the synthesis of Fe@MS-2 (Zhao et al., 2020).
Subsequently, the composite reacts in TC solution resulting in the increment of O in adsorbed water.

The peaks of 3 samples at about 530.60 eV correspond to lattice oxygen (Olatiice) (Zhao et al., 2020).
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Pristine MoS:2 contains 8.55% of Olatiice, indicating the successful incorporation of oxygen rather
than surface oxidation during the hydrothermal process, which again supports the conclusion in
mapping (Xie et al.,, 2013). The Oumntice content is significantly increased to 32.19% after the
synthesis of Fe@MS-2, which may be due to the expanded interlayer spacing that facilitates more
oxygen into the lattice of MoS2. After 30 min of dark reaction, the Oatice content decreases from
32.19% to 21.43%, indirectly revealing the contribution of Oatiice to TC degradation. Coupled with
the XRD and XPS results, it is important that the dense passivation layer (Fe203) of Fe® is produced
after 30 min of dark reaction, which establishes the basis for the building of heterojunctions among
the passivation layer with MoSa.
3.2. Photodegradation ability of nanomaterials

The photodegradation activity of nanomaterials for TC is assessed via a series of
photocatalytic tests. It can be seen from Fig. 4a that tetracycline is highly stable without catalysts,
even when exposed to visible-light. Conversely, there is an observable degradation of TC in the
presence of catalysts. Among them, the photodegradation capacity of composites (Fe@MS-1,
Fe@MS-2, Fe@MS-3) is generally stronger than that of single materials (Fe’, MoS2). Obviously,
Fe@MS-2 achieves 97.37% of TC photodegradation efficiency after visible-light radiation for 45
min, which is 3.20 and 1.27 folds compared to that of bare MoS: and Fe’ separately, showing
superior TC removal ability. The better TC degradation performance of Fe?@MoS: compared to
single components is ascribed to the cooperative action among Fe® with MoSz. The synergistic
effect is manifested in two aspects, (1) the dispersion and anchoring of Fe’ induced by MoS:
facilitate the exposure of its more available active sites (confirmed in Section 3.1), showing
enhanced adsorption and reduction ability; (2) doping of Fe® dramatically enhances the conductivity

of MoS2 (confirmed in Section 3.3), and MoS: and the dense oxide layer generated after the dark
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reaction of Fe’ form a heterojunction with excellent photocatalytic activity (confirmed in Section
3.4). In addition, undesirable TC degradation ability is observed in Fe@MS-1 and Fe@MS-3
compared with in Fe@MS-2, which stems from particles aggregation caused by excessive Fe, thus
decreasing the exposure of available reactive centers. Contrarily, insufficient amount of nZVI is
difficult to provide efficient reduction and photodegradation performance for TC. Surprisingly,
Fe’@MoS: exhibits a competitive TC degradation ability compared with catalysts in other related
literatures (comparison of photodegradation performance of catalysts is marked in Table 1),
indicating its potential application for tetracycline wastewater treatment.

The effects of light, catalyst dose, pH and TC concentration on the degradation performance of
Fe@MS-2 are also explored. As depicted in Fig. S3a, a restricted TC degradation is achieved in the
dark, however, a in-depth degradation of TC is triggered due to the illumination of visible-light. The
reason for these phenomena lies in the formation of a dense passivation coating of nZVI after 30
min of dark reaction, which dramatically limits the reactivity of the catalyst by preventing the
contact of Fe” with the contaminant in the absence of any driving force. After visible-light radiation,
the optical potential of the passivation layer is excited (as confirmed in Fig. 5), and the layer
constructs an S-scheme nanoflower heterojunction with MoS2, leading to the in-depth
photodegradation of TC. For the catalyst dose (Fig. S3b), the results indicate that the
photodegradation efficiency of TC gradually improves with the increase of catalyst dose. However,
the removal efficiency of TC is slightly diminished at a dose of 12 mg, which is due to the
excessive dose instead affecting the visible-light absorption of the material. As presented in Fig. S3c,
the findings reveal that Fe@MS-2 exhibits higher degradation efficiencies in acidic to neutral
environments relative to that in alkaline environments. These stem from the fact that the acidic

environment favors the dissolution of the oxide coating and the exposure of nZVI, and the alkaline
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environment may lead to the formation of hydroxides that inhibit the reduction ability of Fe’, but
the formed passivation coating can combine with MoS: to assemble a heterojunction and induce
further TC degradation. Moreover, 100% of TC removal is achieved via Fe@MS-2 after 30 min of
visible-light irradiation (Fig. S3d, 20 mg-L™! of TC solution). Even for a 50 mg-L™! TC solution, the

material can exhibit 86.96% of TC removal.
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Fig. 4. (a) Comparation of photodegradation efficiency of nanomaterials for photodegradation of

TC. (b) UV—vis absorption spectra related to TC photodegradation on Fe@MS-2. Results of (c)
1



pseudo-first-order kinetics, (d) related reaction rate constants, and (e) corrected pseudo-first-order
kinetics of nanomaterials. (f) Results of the 5-cycle test with Fe@MS-2. (Experimental conditions:
pH = 6.5; 10 mg of catalysts; 60 mL of 30 mg-L~! TC solution)

Table 1 Comparison of photodegradation performance (TC) of catalysts in related literatures.

Dosage Co Volume Time Removal

Catalyst O . Light source Ref.
(mg) (mgL’) (mbL) (mn) (%)
MoS,/CaTiO3 50 10 100 60 71.7 300 W xenon lamp  Jiang et al., 2020
MoS,;@Fe304 300 W xenon lamp .
10 20 100 90 68.61 i Lietal., 2021
@Cu20 with UV filter
300 W xenon lamp
MoS>/ZnSnOs3 25 30 50 60 80.2 Guo et al., 2020
(A > 420 nm)
CoS2/MoS@ 300 W xenon lamp .
) 10 200 50 120 96.71 Liu et al., 2020
Zeolite (A > 420 nm)
BiOI/MoS, 20 20 65 75 91.6 - Guo et al., 2021
MnFe;04/ .
20 20 100 60 80.9 300 W xenon lamp Wei et al., 2022
MoS;
MoS,/COF 10 20 20 60 85.9 300 W xenon lamp  Khaing et al., 2020
. 250 W xenon lamp
Bi,03/Mo$S; 50 30 50 100 97.0 Ma et al., 2019
(A > 400 nm)
ZnS@MoS; 100 20 300 60 100 UV light Zhang et al., 2020
0 300 W xenon lamp .
Fe’@MoS; 10 30 60 45 97.37 This work
(A > 420 nm)

The degradation process and structural damage of TC are observed using the UV-vis
absorption spectra of Fe@MS-2. The feature absorption peak intensity (Fig. 4b) of tetracycline at
357 nm shows a significant decrease and eventually almost disappear as the degradation experiment
proceeds. It should be mentioned that the weakening of characteristic peak is accompanied by the
change of absorption band around 200 nm, which indirectly explains the generation of TC-related
intermediates (Wang et al., 2018).

Pseudo-first-order kinetics model is utilized for depicting the visible-light photodegradation

kinetics of TC on Fe@MS-2. As shown in Fig. 4c, the goodness of fit of all materials is greater than

1



0.9, indicating that the photodegradation behavior of TC can be properly characterized by the
pseudo-first-order kinetics. Correspondingly, the TC photodegradability of materials is quantified
using reaction rate constant k (Fig. 4d). The order of k£ values of various materials is as follows:
Fe@MS-2 > Fe@MS-3 > Fe@MS-1 > MoSa, and the results show that Fe@MS-2 exhibits more
excellent TC photodegradation ability compared to other materials. Moreover, the k& value of
Fe@MS-2 is 14.35 times higher than that of bare MoS:z, denoting the key role of Fe’ doping on the
efficient photodegradation of TC.

During the lightless reaction phase, the effects of nZVI-based composites on TC include
adsorption and chemical reduction, which means the pseudo-first-order model is no longer
applicable to this stage. Therefore, a modified pseudo-first-order kinetics model (equation (2) below)
is applied to explain the existence of adsorption and reduction procedures, as proposed by our
research group previously (Wang et al., 2018):

Ceq/ Cini = a % exp(—ka X kr x t) + (1 — @) X exp(—kr % t) (2)
where Cini and Ceqdenote the original level of tetracycline and the level of tetracycline at reaction
time t (min) respectively; a as well as 1 — a represent the weight values of adsorption and reduction,
separately; k. and k- denote the rate constants of adsorption and reduction, separately. The goodness
of fit of all the fitted curves is higher than 0.99 (Fig. 4e), signifying the elimination of tetracycline
by Fe@MS-2 during the dark reaction is in accordance with the modified pseudo-first-order
kinetics. Furthermore, the k, and k- values of Fe@MS-2 are higher than that of other materials,
proving its better adsorption and reduction capability relative to others, which are attributed to
exposure of more available active sites.

A 5S-cycle test of TC degradation is performed to verify the stability and recyclability of

Fe@MS-2. The results in Fig. 4f demonstrate that the catalytic ability of the composite is not
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significantly weakened after 5 cycles, showing its reliable stability. In the meantime, the composite
can be readily detached from the pollutants with an imposed magnet due to its own magnetism (Fig.
S4,9.21 emu-g !; Fig. S5), which is convenient to be used again after being flushed and regenerated
by UPW and a trace amount of KBHa. Furthermore, there is no noticeable variation in the
nanoflower framework of Fe@MS-2 before and after the photodegradation reaction, indicating the
composite exhibits excellent structural stability (Fig. S6). These results reveal that Fe?@MoS:
shows a good application prospect in the area of environmental restoration.
3.3. Optical properties of nanomaterials

From the findings in XRD and XPS of Section 3.1, it is clear that a dense oxide layer (Fe203)
is formed on the surface of Fe’ after reacting in TC solution for 30 min. This passivation layer can
prevent the contact between Fe’ and TC and thus inhibits the reactivity of Fe® in the absence of a
driving factor (light or heat source, etc.). From the viewpoint of photocatalysis, Fe:O3 is a
composite which can accept a wide range of solar light (Wang et al., 2021; Zhao et al., 2021; Zhang
et al., 2021). Inspired by this, this study proposes to use photocatalytic technology to activate the
oxide layer into a semiconductor, and build a heterojunction with MoS: to achieve efficient
photodegradation of TC. Therefore, the optical properties of related nanomaterials are tested to
investigate their photodegradability and the feasibility of constructing heterojunctions. As illustrated
in Fig. 5a, the photoluminescence (PL) strength of FexO3@MS-2 is significantly lower compared
with that of bare MoS:, implying a stronger separation of photo-generated charges in the composite
relative to that in bare MoSz. The smaller electronic impedance (Fig. 5b) and larger photocurrent
response (Fig. 5¢) of Fe2O3@MS-2 compared with pristine MoS:2 indicate that the segregation and
migration rate of photo-excited carriers in the composite is notably higher than that in the single

material. Combining the above results, it can be deduced that a built-in electric field is constructed
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in the heterojunction of FexO3@MS-2, which effectively ensures the segregation and transport of

photo-excited electron-hole pairs, thereby showing excellent light utilization ability (Liao et al.,

2022). Moreover, the conductivity of MoS:2 is markedly boosted owing to the incorporation of the

oxide layer of Fe’.
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The ultraviolet—visible diffuse reflectance spectroscopy (UV—vis DRS) of Fe:O3 and MoS: are
measured to determine their light absorption range. Interestingly, as shown in Fig. 5d, the light
reception field of Fe2O3 and MoS: contains both ultraviolet and visible ranges, and both exhibit
superior absorption capacity for visible-light. This result is favorable for the visible-light
photocatalysis towards tetracycline on Fe@MS-2. The energy band structures of Fe2O3 and MoS:
are analyzed by Tauc plots and VB-XPS. It can be derived from Fig. Se that the band gap energies
(Eg) of Fe203 and MoS:z are 2.01 eV and 1.55 eV, respectively, and their narrow band gaps facilitate
the absorption of visible-light and the transport of charges (Khaing et al., 2020). The valence band
(VB) energies (Evg) of both are 1.56 eV and 0.37 eV (Fig. 5f), respectively, thus, the conduction
band (CB) energies (Ecs) of Fe2Os and MoS: are calculated to be —0.45 eV and —1.18 eV
individually, based on Eg = Evs — Ecs (Wang et al., 2022).

For grasping the critical reactive species of TC photodegradation over Fe@MS-2 to elucidate
the photodegradation mechanism, free radical capturing tests and electron spin resonance (ESR)
spectra are performed. In capturing tests, p-benzoquinone (p-BQ), dimethyl sulfoxide (DMSO),
ammonium oxalate (AO) and methanol are employed as scavengers of *O27, ¢, h" and *OH,

separately.
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Combining the results in Fig. 6a and 6b, it is clear that the photodegradation efficiency of
Fe@MS-2 to TC in the photoreaction stage is 77.78%, and the inhibitory ability of scavengers is in
the following order: AO (13.46%) > p-BQ (25%) > DMSO (50%) > methanol (61.54%). Apparently,
*O2" and h" are the key reactive species for the photo-elimination of TC on Fe@MS-2. In view of
this, the role of superoxide radicals and holes is further analyzed using ESR spectra. As shown in
Fig. 6c, no signal is detected on Fe@MS-2 in the absence of light. However, 4 distinct *O2"
signature peaks with signal intensity of 1:1:1:1 are observed under visible-light radiation for 15 min.
This phenomenon explains the formation and key role of *O2 during the photodegradation of

tetracycline on Fe@MS-2. In ESR spectra of TEMPO-h" (Fig. 6d), the signal intensity associated
2



with photo-generated h* progressively fades with the prolongation of visible-light radiation time.
The result indicates the efficient separation, transfer and strong oxidation of h" in Fe@MS-2 during
visible-light irradiation, as confirmed in PL spectra, EIS and transient photocurrent responses.
Therefore, it can be deduced that *O2  and photo-generated h" play key roles in the
photodegradation of TC on Fe@MS-2.
3.4. Photodegradation mechanism and pathways

Profited from the findings of free radical capturing tests and ESR spectra in Section 3.3, and
combining the energy band structures of Fe2O3 and MoS2, a novel and efficient S-scheme
heterojunction is proposed to be responsible for the efficient photodegradation of TC over
Fe@MS-2 (Xu et al., 2020). In detail, after the heterojunction is excited with visible-light, the
active photo-electrons on Fe2O3 and MoS: migrate from their VB to CB, resulting in photo-excited
holes being left on their VB. Subsequently, electrons on the CB of MoS: preferentially react with
dissolved oxygen to generate *O2  (E(02/*027) = —0.33 eV) due to the more negative redox
potential of its CB (—1.18 eV) relative to that of CB (—0.45 eV) on Fe:O3 (Ma et al., 2019).
Meanwhile, the oxidation ability of the holes of VB (1.56 eV) on Fe20s is obviously stronger than
that of VB (0.37 eV) on MoS2, and the redox potential of its VB is more negative than that of
*OH/OH™ (1.99 eV) (Ma et al., 2019). Therefore, hydroxyl radicals cannot be generated on the VB
of Fe2Os3 and the TC adsorbed on it will be preferentially and directly degraded by its holes.
Immediately afterwards, the e~ of CB on Fe2Os are shifted to the VB of MoS2 and bonded with the
h" on it. Such an S-scheme heterojunction is undoubtedly favorable for the segregation and
utilization of photo-excited electron-hole pairs, thereby ensuring the efficient photodegradation of

TC.
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The degradation mechanism of TC on Fe@MS-2 is thoroughly elucidated in consideration of
the above conclusions (Fig. 7). Generally, the degradation of TC by Fe’-based nanomaterials
consists of 2 phases, adsorption and reduction in the dark reaction and photodegradation in the
photoreaction (Wang et al.,, 2018). In the dark reaction, TC is first adsorbed onto the
nanoflower-like Fe@MS-2, and Fe® interacts with dissolved oxygen and hydrogen ions in the TC
solution for yielding ferrous ion and H20O2, followed immediately by a Fenton-like reaction to
generate Fe’" and hydroxyl radicals (Tian et al., 2021). Then, TC is degraded by hydroxyl radicals
generated by the Fenton-like process to produce intermediates, even CO2 and H2O. The detailed

degradation process is shown in the following Egs. (3)—(5):

TC + Fe@MS-2 — TC-Fe@MS-2 3)
Fe’ + 02 + 2H" — Fe?" + H202 — Fe’™ + «OH + OH~ 4)
TC-Fe@MS-2 + «OH — intermediates — CO2 + H20 (5)



In the photoreaction, the tight oxide coating (Fe203) on the outside of Fe® produced during

dark reaction and MoS: are constructed as an S-scheme heterojunction. ¢ on Fe2O3 and MoS:2 are

diverted from their VB towards CB behind visible-light irradiation, along with h" being left on their

VB. Afterwards, the ¢~ of CB on MoS: react with dissolved oxygen to generate *O2" due to its CB

(—1.18 eV) is further minus than —0.33 eV of E(O2/*O2"). Meanwhile, the potent oxidizing h™ of VB

on FexOs directly react with TC to generate degradation products since its VB (1.56 eV) is less

anodic compared with 1.99 eV of E(*OH/OH"). And the h" of VB on MoS: are combined with the

e~ of CB on FexOs. Furthermore, Fe*" produced during dark reaction can be reduced by e~ to form

Fe?" (Tian et al., 2021). An experiment of Fe’" leaching also validates such a cycle of iron species

(Fig. S7). Cycling among ferrous with ferric ion ensures favorable photocatalytic stability of

Fe@MS-2. Eventually, TC is degraded to CO2 and H20 attributed to the action of *O2™ and h*. The

specific photocatalytic mechanism is as follows (Egs. (6)—(12)):
FexOs +hv > h'™ + ¢~
MoS2 +hv—h" +¢e”
e -CB (MoS2) + O2 — <Oz~
TC + h*-VB (Fe203) — intermediates — CO2 + H20
¢ -CB (Fe203) — h™-VB (MoS2)
Fe** +e — Fe?*

TC + 02 — intermediates — CO2 + H20

()
©)
®)
©)

(10)

(11)

(12)

To distinguish the intermediates produced during photodegradation of TC and thus propose

corresponding reaction pathways, liquid chromatography mass spectrometry (LC-MS) technique is

employed to identify relevant substances by their mass-to-charge ratios (m/z). Based on the findings



of LC-MS displayed in Fig. S8, potential routes for the photodegradation of TC on Fe@MS-2 are

presented.

H
OH O OH O

m/z=359.8
O“‘ o O“‘
on 0 Mo on OH O
m/z—342.9 mlz = 328.9
miz=227.1 m/z=182.9 miz=118 m/z 114 m/z =60
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CO3, H:0, etc.

Fig. 8. potential routes of TC photodegradation on Fe@MS-2.

As shown in Fig. 8, 3 possible pathways are involved in the photodegradation of TC on
Fe@MS-2 (Cao et al., 2016; Kumar et al., 2022; Li et al., 2021; Li et al., 2022; Ren et al., 2019; Shi
et al., 2020). In route I, tetracycline (m/z = 445) is reacted as m/z = 459.1 via processes such as
carbonylation and demethylation, followed by the formation of m/z = 342.9 through the steps of

demethylation, deamination, deamidation and dehydroxylation. For route II, TC is degraded to m/z
2



= 432.2 via a demethylation step, and then degraded to m/z = 359.8 due to the effect of
N-demethylation and deamidation. Afterwards, dehydroxylation and ring-opening reaction result in
the creation of m/z = 300.9. In route III, tetracycline is decomposed into m/z = 342.2 attributed to
demethylation, dehydroxylation, carbonylation and deamidation. Subsequently, the generation of
m/z = 328.9 derives from a decarbonylation step. After that, these substances are further
decomposed into m/z = 227.1, 182.9, 118, 114 and 60. Eventually these intermediates will be
degraded into CO2 and H20. The above degradation steps are ascribed to the attack of superoxide
radicals and holes, which again proves their critical role in the photodegradation of TC on
Fe@MS-2.
4. Conclusions

Novel Fe’@MoS: nanoflower S-scheme heterojunction catalyst exhibiting superior
photocatalytic ability for tetracycline was prepared. The findings showed that the photodegradation
efficiency of Fe@MS-2 for TC was 97.37% under 45 min of visible-light illumination, which was
3.20 and 1.27 folds higher than that of pristine MoS2 and Fe’, respectively. SEM, XRD and TEM
findings proved MoS: nanoflowers were composed of plenty of oxygen-incorporated ultrathin
nanosheets, and their widened interlayer spacing was induced by Fe’. The fluffy nanoflower-like
structure and widened interlayer spacing of MoS2 promoted the high confinement and dispersion of
Fe’, which achieved a rise in the amount of available reactive centers of Fe’, ensuring its potent
adsorption and reducing properties. Conversely, the results of XRD and XPS indicated the creation
of a dense passivation coating (Fe203) on the surface of Fe’, and the oxide layer improved the
conductivity of MoS2, as evidenced by the transient photocurrent response and EIS, which
cooperated with MoS: to construct this S-scheme heterojunction. Obviously, the synergistic effect

between Fe’ and MoS: was favorable for the efficient photodegradation of TC on Fe@MS-2.
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Furthermore, the excellent stability, recyclability, kinetics of Fe@MS-2 as well as the boosted
segregation and migration performance of photo-excited carriers of FexO3@MS-2 were confirmed.
Moreover, potential pathways for TC photodegradation ascribed to the critical action of *O2” and h*
were also proposed. This work innovatively presented a idea of using photocatalytic technology to
activate the oxide coating of Fe’ into a semiconductor and further establish a novel and efficient
S-scheme heterojunction with MoS: for environmental restoration.
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