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Abstract

Utilization of heterogenous catalysts to trigger peroxymonosulfate (PMS)
activation is considered an efficient strategy for environmental decontamination.
Herein, a tightly bonded flake-like 2D/2D BiOBr/MoS; heterojunction was
successfully designed through co-precipitation process. By virtue of matched energy
levels and intimate interfacial coupling, the Type-1I BiOBr/MoS; heterojunction
significantly expedited charge carrier transfer and thereby promoted the catalytic
performance for organic dye oxidation and Cr(VI) reduction. The specially designed
BiOBr/MoS, heterojunction is also conducive to split PMS and continuously
generated highly active species (SO47, ‘OH and -O2) in a photo-Fenton system,
achieving extraordinary catalytic capacity for various emerging organic pollutants
(including phenol, bisphenol A and carbamazepine). The photoexcited electron with
prolonged lifetime and exposed Mo sites with multivalence and multiphase nature can
effectively activate PMS, which further promotes the oxidation efficiency of holes, as
confirmed by scavenging experiments. The excellent stability and oxidative properties
could justify scale up using BiOBr/MoS; to a small pilot test, implementing the
potential value in practical applications. This study would provide novel insight and
cognition of PMS activation via a superior heterojunction for complex polluted
wastewater treatment.
Keywords: Photo-Fenton, Type-ll heterojunction, Peroxymonosulfate, Reactive

species, Aromatic organic pollutants
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Introduction

Recent decades have witnessed increasing environmental awareness and concern
regarding water pollutants caused by refractory organic pollutants and heavy metals,
which pose a tremendous threat to ecological balance and human development [1, 2].
Among these, industrial dyes, phenolic compounds and hexavalent chromium (Cr(\V1))
with high toxicity and carcinogenic properties are becoming urgent to be removed
from water. Combinations of catalysts with electrolysis, adsorption, photocatalysis
and plasma processes have been reported as useful strategies to eliminate organic
contaminants and Cr(VI)). Among various pioneering strategies, peroxymonosulfate
(PMS)-based advanced oxidation processes are widely considered as promising
techniques for environmental purification and sustainable development through the
generation of efficient sulfate radicals (SO4™). The formation of SO4™ is generally
attributed from the redox recycle via cleavage of superoxide O-O bonds in the
asymmetric structure of PMS by transition metal ions or carbon-rich materials [3, 4].
Owing to distinct advantages, such as wide PH range (2-9), high standard reduction
potential (2.5-3.1 V) and long lifetimes in Fenton-like systems (30-40 ps), SO4™ has
attracted extensive interest in the decontamination of refractory organic pollutants [5,
6]. In traditional photocatalytic systems, the catalytic activity can be significantly
inhibited due to the swift recombination rate of hole-electron pairs. As an electron
acceptor, the introduction of oxidative PMS into the photocatalysis not only
accelerates the separation of photoinduced h*-e", but also promotes the yield of sulfate

radicals, achieving a synergistic effect for improving contaminant decomposition [7].
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Thus, developing a robust and novel photocatalyst with superior catalytic
performance for PMS activation is becoming a research hotspot.

Over recent decades, two-dimensional (2D) transition metal dichalcogenides
(TMDs) with the general expression MX. (M=transition metal from I1\-V1I group, Mo,
W; X=chalcogen, S, Se, Te) have shown great promise in energy conversion, catalysis,
electronics and environmental purification [8, 9]. In the MX crystal structure, the M
metal atom is sandwiched by X atoms forming a monolayer, which is stacked by van
der Waals forces. Especially, molybdenum disulfide (MoS>), as a typical 2D TMD
material, exhibits an indirect narrower bandgap of 1.3~1.8 eV and adjacent layer
spacing of 0.61 nm in a multilayered structure [10]. Owing to the remarkable light
absorption, high charge carrier density (500 cm?/V-s) and the existence of dangling
bonds, MoS; has attracted considerable interest in the area of photocatalysis [11, 12].
Lately, it was reported that MoS; could accelerate Fe'"'/Fe!! conversion as a cocatalyst
to promote the rate-limiting step in homogenous Fenton systems [13]. Furthermore,
MoS; can directly activate PMS to generate SO4™ under visible light irradiation for
treating organic polluted wastewater [14, 15]. However, the inefficient PMS activation,
low SO4 production, and limited number of exposed active sites of MoS still limit
its catalytic capacity. To mitigate these drawbacks, construction of heterojunctions
should be considered as a powerful strategy [16-19], which can combine the
advantages of each single component and concurrently introduce certain novel
properties.

As a typical family of p-block semiconductors, bismuth oxybromide (BiOBr)
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semiconductors have been widely applied in pollutant degradation, Hz evolution, N2
fixation and CO. reduction applications [20, 21]. The spatially-anisotropic p state can
significantly disperse the band structure, resulting in efficiently photogenerated
charge carrier transfer by reducing the effective mass. Moreover, the p orbitals can
simultaneously participate in the electronic hybridization in the conduction band and
valence band position [22]. As a p-type material with laminated open crystal structure,
BiOBr has the capacity to polarize the corresponding atoms and atomic orbitals, and
then be excited by photon absorption. In the highly anisotropic crystal structure of
BiOBr, [Bi202]?* slices are interleaved by double Br halogen atoms, resulting in fast
photogenerated h*-e” separation and transportation in the photocatalytic process.
Unfortunately, its relatively wide bandgap energy of ~3.0 eV and poor visible light
absorption restrict its applications [23]. Interestingly, the wide-bandgap energy of
BiOBr could match well with the relatively narrow bandgap of MoS, to form a
staggered structure, which can absorb more photons across a wide visible light
response range and effectively overcome the drawbacks of monomer molecules.
Additionally, introducing PMS in such a heterogenous photo-system might bring
about more benefits due to the formation of highly oxidative sulfate radicals. However,
the internal electron transfer between two 2D semiconductors and the PMS activation
mechanism in heterojunction/hv system remain ambiguous.

Therefore, in this study, BiOBr/MoS; heterojunction were synthesized via a
facile co-precipitation process and then applied as a heterogenous PMS activator for

pollutant removal. Organic dyes, phenol, bisphenol A and carbamazepine were
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selected as target contaminants to explore the oxidative process, and the heavy metal
Cr(VI) was chosen to study the reducibility under visible light irradiation. The main
objectives of this work were as follows: (a) comparatively exploring the catalytic
performance of series of BiOBr/MoS, composites in hv and PMS/hv systems; (b)
exploring the pathways of charge carrier transfer and the dominant reactive species in
both photo and photo-Fenton systems; (c) systematically investigating the active sites
for PMS activation and revealing the mechanism before and after introduction of PMS.
For practical applications, different polluted-wastewater conditions and scale-up
experiments were also carried out. This study may provide new understanding of
PMS activation via a 2D/2D heterojunction for refractory organic pollutant
decontamination.
2. Experimental section

Detailed information on the materials and characterization are presented in the
Supporting Material.
2.1 Synthesis of BiOBr/MoS;, composites

The BiOBr/MoS, composites were synthesized through a facile precipitation
method. Specifically, 1.02 g Bi(NO3)3'5H20 was dissolved in 60 mL ethanol to form a
homogeneous solution. Then, polyvinylpyrrolidone and an appropriate amount of
MoS, were added into the solution with ultrasonic stirring for 60 min. Afterward,
0.1667 g KBr was introduced to the aforementioned mixture. After being stirred for
another 12 h, the as-prepared grey precipitate was collected and washed. Finally, the

catalysts were dried at 60°C for 12 h. In this way, composite catalysts with different
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MoS, mass ratios ranging from 1% to 8% were synthesized. Furthermore, pristine
BiOBr was fabricated by using the same process only without addition of MoS». The
products with 1%, 2%, 4%, 8% MoS> mass ratio were labeled as BMS-1, BMS-2,

BMS-4, BMS-8, respectively.
2.2 Photo and photo-Fenton catalytic activity evaluation

Photo or photo-Fenton catalytic oxidation and reduction activity were
conducted through degradation experiments using Rhodamine B (RhB), Methylene
Blue (MB), Methylene Orange (MO), Congo Red (CR), Phenol, Bisphenol A (BPA),
Carbamazepine (CBZ) and heavy metal Cr(VI) with a 100 W Hg lamp under visible
light irradiation. Specifically, 0.5 g/L of catalyst was added into the solution
containing a certain amount of pollutants. Before irradiation, the solution was
vigorously stirred to achieve adsorption-desorption equilibrium. During the photo or
photo-Fenton reaction, a 3 mL suspension was measured using UV-vis spectroscopy
and high-performance liquid chromatography (HPLC) to detect the concentrations of
residual pollutants. All experiments were repeated three times.

2.3 Computational parameters

The atomic and electronic structures of catalysts were calculated using
Cambridge Sequential Total Energy Package (CASTEP) software, based on density
functional theory (DFT) [24]. In the construction of heterostructures, to avoid
deformation of the electronic structure, BiOBr (001) planets with 5x5 supercells and
MoS: (002) planets with 6x6 supercells were chosen and the lattice mismatch ratio
was 1.58% (< 3%). The optimized layer spacing is 3.153 A, which is in accordance
with the requirement of Van der Waals heterojunctions. GGA-PBE forms were used

for simulating the interaction between atoms [25]. The self-consistent convergence
7
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accuracy was set at 1.0 x10°° eV per atom, and the convergence criterion for the force
between atoms was 0.05 eV AL, The Monkhorst-Pack mesh with K-points of 7x7x1
grid and the energy for cut-off with 350 eV were used in this simulation to improve
calculation accuracy.

3. Results and discussion

3.1 Formation and characterization of 2D/2D heterojunctions

2D/2D BIiOBr/MoS, composites were synthesized by in situ loading of
ultrathin MoS; layers on BiOBr nanosheets via a facile coprecipitation reaction
(Fig.1a). In the structure of BiOBr, Br  can effectively suppress the stacking of
[Bi.O2]%" layers by partially terminating the dangling bonds, resulting in a unique
crystal structure with [Bi2O-] slices interleaved by double Br halogen atoms [26]. The
typical 2D layered transition metal sulfide (MoS2) with a sandwiched structure was
composed of a molybdenum atom layer with two hexagonally aligned sulfur layers
[27]. Moreover, the tightly-bonded BiOBr/MoS; heterojunction with an alternating
layered structure achieved by varying the doping amount of ultrathin MoS; layer fixed
on the surface of flower-like hierarchical BiOBr, not only combined the advantages of
the two single components but also drew in new superiorities.

The crystallographic structures of BiOBr, MoSz and BiOBr/MoS, composites
were investigated by X-Ray Diffraction (XRD). As displayed in Fig. 1b, diffraction
peaks of pure BiOBr nanosheets corresponded closely to single-phase tetragonal
BiOBr (001), (002), (101), (102), (110), (112), (200) and (212) planes (JCPDS card

No. 73-2061, a=3.926 A, b=3.926 A, ¢=8.103 A) [28]. Pristine MoS, exhibited a
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sharp characteristic peak at 13.8°and a broader peak at 33.3°, which were indexed to
(002) and (100) planes, respectively. For the BiOBr/MoS, composites, the diffraction
peaks of BiOBr were clearly observed, indicating that introduction of MoS: did not
influence the original crystal structure of BiOBr. However, the characteristic peaks of
MoS; are not apparent in the XRD pattern except the peak located at 13.8°, which is
mainly attributed to the low loading ratio and high dispersion of MoS, nanolayers
[29]. In the FT-IR spectra (Fig.S2), the distinct bond of BiOBr was clearly detected in
the BiOBr/MoS, composites, indicating that the chemical structure of BiOBr was still
retained after combining with MoS,. The morphology and microstructure of BiOBr,
MoS; and BiOBr/MoS; composites were characterized and shown in Fig.1c-h. For
pristine BiOBr, the flower-like structures were comprised of numerous finely BiOBr
layers and the average particle size was ~2 um. Similarly, pure MoS: also displayed a
uniform and spherical structure with numerous nanosheets. Generally, ultrathin 2D
nanosheets could expose adequate active sites and accelerate charge carrier transfer by
reduced charge diffusion lengths [30]. With increasing content of MoS, nanosheets
(NSs), the flower-like hierarchical structure of BiOBr was gradually destroyed and
exhibited stacked flake-like features, which is mainly attributed to the intercalation
effect between two 2D nanolayers materials [31, 32]. The TEM images of
BiOBr/MoS, composites further confirmed the tightly stacked structure by layered
aggregation of nanosheets (Fig.1i-k). The continuous interplanar spacing of 0.277 and
0.65 nm in BMS-2 matched perfectly to the (001) and (002) facets of BiOBr and

MoS,, respectively. TEM energy-dispersive X-ray spectroscopy (TEM-XEDS
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mapping) with spatial distribution of Bi, O, Br, Mo and S (Fig.1l) illustrated the
homogeneous formation and the closely-bonded BiOBr/MoS; catalyst. X-Ray
Photoelectron spectra (XPS, Fig.S3) clearly demonstrated the Mo, S, Bi, O and Br
elements in the BMS-2 composite, and the Bi/Mo atomic ratio was similar to the
experimentally theoretical value. In summary, all of these results revealed the
successful construction of 2D/2D heterojunction between the BiOBr and MoS>

components.
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Fig. 1 (@) Schematic diagram of fabrication procedure of BiOBr/MoS; catalyst; (b) XRD patterns,
(c-h) SEM images of BiOBr, MoS,, BMS-1, BMS-2, BMS-4 and BMS-8, the scale bar were 1um
in (c-d) and 200 nm (e-h); (i-k) TEM image of BiOBr, MoS; and BMS-2, the scale bar were 2 nm,

5 nm and 5 nm; (I) Energy-dispersive X-ray spectroscopy mapping (STEM-XEDS) of BMS-2

catalyst.

3.2 Catalytic ability towards various aromatic organic pollutants and heavy metal
The oxidative and reductive performances of BiOBr/MoS; catalysts were
investigated via decomposition of RhB and heavy metal Cr(\VI1) under visible light
irradiation (Fig.2) after reaching adsorption-desorption equilibrium (Fig.S4).
Impressively, the BiOBr/MoS, composites showed a higher catalytic activity for RhB
oxidation (Fig.2a) and Cr(VI) reduction (Fig.2e) compared with pristine BiOBr,
which may be due to the strong closely-bonded effect and promoted separation of
charge carriers between MoS> and BiOBr. Among these catalysts, BMS-2 exhibited
the highest catalytic efficiency and the catalytic variation of BiOBr/MoS, hybrids
followed a volcano curve tendency with increasing dopant content of MoS; from 0 to
8 %, implying that interfacial coupling between MoS; and BiOBr is a crucial factor. It
is proposed that when MoS, content is lower than the optimum content, the
MoS,/BiOBr composite has fewer adsorption and trapping sites for carriers, resulting
in acceleration carriers recombination and shortening the carrier survival time [33].

11
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On the contrary, excessive MoS; would hinder the interfacial contact between BiOBr
and MoSy, leading to agglomeration of nanosheets, and eventually provoking a light
shielding effect on the catalyst surface. Therefore, at optimal doping levels, MoS> not
only exposed sufficiently reactive sites but also provided more coupling sites at the
interface for photogenerated carrier transfer, which achieved the best synergistic effect
during the catalytic process. All of the apparent constant values (k) can be fitted well
with pseudo-first-order kinetics, not only in oxidation processes but also in reduction
processes (Fig.S5). Besides, the long-term and repeated cycling experiments (Fig.S6)
proved that BMS-2 possessed photostability under decontamination processes.

The photo-Fenton catalytic performance of BiOBr/MoS; was further explored by
degradation of different organic dyes under visible-light-assisted PMS activation
(Fig.2b, f). Notably, under photocatalysis without PMS conditions, only 52.8% of
RhB was removed after 10 min (Fig.2a), a removal rate which is much lower than that
of the photo-Fenton reaction in the presence of peroxymonosulfate (86.8%),
indicating the essential role of PMS in accelerating the catalytic process. Similarly,
the introduction of PMS also displayed excellent oxidative ability for various organic
dyes, in which the MB, MO and CR degradation efficiencies of 94.1, 93.4 and 85.3%
were respectively achieved after 20 min (Fig.2f). Compared with the photocatalytic
system, the addition of PMS obviously promoted the apparent rate constant, which is
2.13 time higher than the photo-system (Fig.2c). It is clearly demonstrated that PMS
can be efficiently activated via BiOBr/MoS; and visible light, resulting in fast
separation of photo-induced charge carriers and generation of more effective reactive

12
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oxygen species during the catalytic process. The further mineralization rate of a series
of organic dyes by BMS-2 in the PMS/hv system were explored through total organic
carbon (TOC) analyses. As shown in Fig.2d, the TOC removal efficiency for organic
dyes could reach 52.2, 48.3, 53.9 and 43.6%, respectively, and the mineralization rate
of RhB still remained 49.0% after four cycles, illustrating the outstanding

oxidisability and stability under a visible-light-activated PMS system.
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Fig. 2 The decomposition of RhB under the visible light irradiation (a), under visible light assisted
PMS activation (b), (c) Reaction rate constant in photo and photo-Fenton system via the prepared
catalysts; (d) Mineralization efficiency of organic dyes (RhB, MB, MO, CR) in
BiOBr-MoS,/PMS/hv system; (e) The reduction of Cr(VI) under visible light irradiation via the
prepared catalysts; (f) The degradation of different organic dyes under BiOBr-MoS,/PMS/hv
system. Reaction conditions: catalyst=0.5 g/L, [PMS]=1 mM (photo-Fenton), pollutants=20 mg/L.

3.3 Effect of parameters on removal of organic dyes by activation of PMS

To achieve optimal parameters during the PMS activation reaction, the effects of
pH, PMS concentration, catalyst dosage and several inorganic anions in actual
wastewater were investigated (Fig.3 and Fig.S7). The pH is considered a sensitive
factor due to the fact that it significantly influences the interactions between catalyst,
pollutants and PMS. As shown in Fig.3a, it was noted that too high and too low pH
values are not helpful for degradation efficiency. This is due to the affinity between
H* and HSOs™ having an adverse effect and SO could convert into «OH under basic
conditions, while SO4~ was the major reactive oxygen radical in the PMS activation
process [34]. Furthermore, when under alkaline conditions, the edge S cannot be

captured, thus inhibiting the exposure of Mo (1V) to participate in the reaction [35].
14



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

Although the degradation capacity somewhat decreased with higher and lower pH
values, it can also achieve stable catalytic activity across an extensive pH range and
exhibit a highest catalytic activity at PH=6.5. Therefore, pH=6.5 was chosen as an
optimal value for the following reaction. Afterward, the effect of PMS concentration
was explored and is illustrated in Fig.3b. It was found that the degradation rate
gradually improved with increasing PMS dose from 0.5 to 10 mM. This contributed to
the generation of more reactive oxygen radicals under higher PMS concentrations.
Nevertheless, there is no significant improvement between 1 mM (98.7%) and 5 mM
(99.0%) after 15 mins. Given the trade-off between catalytic activity and cost, the
PMS concentration was fixed at 1 mM. The influence of catalyst dosage was also
evaluated and was depicted in Fig.3c. Generally, more active sites can be exposed
with an increased dose of catalyst, and eventually enhance the decomposition rate of
pollutants. As expected, the degradation rate dramatically improved from 68.2% to
98.8% with the amount of catalyst increased from 0.1 to 0.5 g/L. Upon further
increasing the dosage (> 0.5 g/L), no significant enhancement was observed after 15
min reaction. Considering the effects of light scattering and aggregation by excessive
catalysts, the optimal catalyst dosage was chosen as 0.5 g/L. In practical applications,
inorganic anions are abundant in the actual water and easily react with the generated
reactive radicals, eventually affecting the degradation efficiency [36]. To better
evaluate the actual application potential of BiOBr/MoS catalysts, the effects of three
representative inorganic anions (ClI,, HCOs and NO3’) on the catalytic performance
were systematically explored. As displayed in Fig. 3d-f, CI" had an inhibiting effect on

15
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the catalytic activity in the range of 1 mM~10 mM, which might be ascribed to the
interaction between CI and SO~ (CI'+SO4"—CI'+SO4+*; redox potential: CI' 2.4V,
S0472.5-3.1V) [37], resulting in significant consumption of highly oxidative sulfate
radicals and thus suppression of the catalytic reaction. Similarly, the HCOs™ had an
obviously inhibitory effect even at low concentrations (1mM). Owing to the fact that
HCOs could neutralize H* in the reaction system, the edge S atoms in MoS; cannot be
easily captured and the activation of PMS by Mo (IV) was significantly suppressed.
The introduction of NO3z™ also produces a negative influence due to the generated
lower oxidation ability radical NOs by the SO4~ + NOs— NOs™ + SO reaction [36].
Therefore, all three common inorganic anions have an adverse effect on the PMS/hv

system, which were not conducive for compound removal.
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Fig. 3 Different influencing factors of the BMS-2 catalyst for the degradation of RhB in the
PMS/hv system (a) pH value (PMS concentration:1mM, Catalysts dosage: 0.5¢/L); (b) PMS
concentration (pH=6.5, Catalysts dosage: 0.5g/L); (c) Catalyst dosage (pH=6.5, PMS

concentration:1mM); (d-f) Various ions including CI-, HCO3 and NOs™ (pH=6.5, PMS
16
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concentration:1mM, Catalysts dosage: 0.5¢/L); The PH value was regulated using NaOH and
H2S04 (0.1M) solution.

3.4 Catalytic mechanism of BiOBr/MoS; heterojunctions

Considering the promoted catalytic capacity of BiOBr/MoS, composite and the
further improved efficiency via introduction of PMS, a series of systematic
explorations was performed to reveal the internal coupling mechanism between the
two materials and PMS. Firstly, to clarify the charge carrier transfer and separation
behaviors during the catalytic process, electrochemical impedance spectroscopy (EIS),
photoluminescence (PL) spectroscopy and photocurrent response measurements were
carried out. As shown in Fig.4a, pure BiOBr exhibited a strong emission peak at about
470 nm due to the band edge transition and the rapid recombination rate. As expected,
the peak intensity of BiOBr/MoS, composite was significantly weakened after
integrating with MoS; ultrathin nanosheets, implying the boosted generation yield of
reactive species and the suppressed photoinduced e-h* recombination efficiency.
Additionally, BiOBr/MoS; hybrid plots had a much smaller radius than for pristine
BiOBr and the interfacial resistance for sample BMS-2 was smallest (Fig.S8a),
indicating the rapid charge carrier mobility from the BiOBr/MoS; electrode to the
solid/liquid interface. This may be attributed to the higher conductivity of MoS: in
composites, which favor charge carrier transfer during the catalytic process [38].
Similarly, the BiOBr/MoS, composites displayed higher photocurrent density than
pure BiOBr (Fig.S8b), and the BMS-2 exhibited the highest value, illustrating the
inhibited recombination rate of photo-excited carriers due to the well-constructed
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bonded interface. The improved electron transfer and decreased carrier resistance in
BMS-2 are also beneficial for the activation of PMS. Therefore, charge carrier
transfer between solid catalyst interface and solution containing PMS were
investigated by EIS and photocurrent response. As displayed by the highest
photocurrent density and smallest arc radius (Fig.4b-c), the BMS-2/PMS system
exhibited a faster photoinduced electron-hole separation and carrier transfer, mainly
ascribed to the role of electron acceptor of PMS and PMS activation through catalyst
surface active sites in the photo-Fenton system.

Owing to the semiconductor characteristics of BiOBr and MoS;, and the
improved catalytic efficiency of BiOBr/MoS, composites under visible light
irradiation, the optical properties and band structure were studied by UV-vis diffuse
reflectance spectroscopy (DRS) and Mott-Schottky measurement. As shown in Fig.4d,
the UV-vis DRS of BiOBr/MoS, composites presented enhanced absorption ranging
from 450-700 nm compared to pure BiOBr, illustrating efficient interfacial charge
carrier mobility by the gradually shortened transition distance between BiOBr and
MoS,, and improved luminous energy-harvesting ability. The bandgap energies (Eg)
of BiOBr and MoS> were calculated as 2.93 and 1.29 eV, respectively (Fig.S9), via a
plot using the Kubelka-Munk (K-M) method [39]. According to the equation Eve= Eg
+ Ecs, the corresponding valence band and conduction band potentials of BiOBr and
MoS; were calculated to be 2.42, -0.51 eV and 0.67, -0.62 eV, respectively, versus the
normal hydrogen electrode (NHE), respectively (Fig.S9). The more negative
minimum CB edge of MoS; than BiOBr and more positive maximum VB edge of

18



354  BIiOBr than MoS; enable them to form a staggered bandgap structure, which is

355  conducive to charge carrier separation and migration.
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358 Fig.4 (a) Photoluminescence (PL) spectra of BiOBr and BMS-2; (b) EIS spectrum and (c)
359 Transient photocurrent response and before and after addition of PMS via BMS-2; (d) UV-vis
360 DRS and Plots of the (ahv)? vs photon energy(hv) of synthesized catalysts
361 To acquire the pathway of charge carrier transfer, the reactive species generated

362 by BMS-2 were investigated by adding various scavengers under photocatalytic
363  reaction without PMS. As exhibited in Fig.5a, in comparison with no-scavenger
364  conditions, the addition of TEOA (scavenging for h*) or BQ (scavenging for -O2)
365  provoked significant deactivation of the BMS-2 catalyst, with inhibition rates of
366 ~48.8% and ~54.6% toward RhB decomposition, respectively. This result
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demonstrated that h™ and -O." are the major active radicals in the photocatalytic
reaction. However, in the presence of IPA (Isopropanol, scavenging for -OH), the
degradation rate was not obviously affected and was still maintained at a high value,
indicating that -OH played a modest role. To further interrogate this result, electron
paramagnetic  resonance  (EPR)  with  5,5-dimethyl-1-pyrroline  N-oxide
(DMPO)-CH30H as a spin-trapping agent was selected to measure -O2” active species
under visible light illumination. The typical signal of DMPO--O, ((an=14.9G,
a"y=10.38G and aP4=1.31G)) [40] were clearly observed and the intensity was
gradually enhanced by the extension of irradiation time, which clearly validated the

formation and critical role of superoxide radicals (-O2) in the BiOBr/MoSa/hv system.
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Fig.5 (a) Scavenging experiment for -OH, -O2™ and h*; (b) EPR spectra of DMPO- O, for
BMS-2 catalyst only under visible light irradiation
To further reveal the mechanism of enhanced carrier transfer and catalytic
activity, DFT calculations were applied and simulated for the structure and properties
of BiOBr/MoS; heterojunctions. As shown in Fig.6, in comparison with the work
function (Ws) along with the interface of pristine BiOBr (6.079 eV) and MoS: (5.807

eV), the Wt of BiOBr/MoS; heterojunctions decreased to 4.941eV due to the electric
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field and strong coupling built into the interface, which could significantly inhibit
recombination and increase charge carrier mobility. The energy band structure of the
material is a crucial factor, reflecting its ability to utilize photogenerated electrons and
holes [41]. As depicted in Fig.6d, BiOBr and MoS; are both indirect semiconductors
and the band-gap values are about 2.71 and 1.62 eV. The calculated band-gap of
BiOBr was slightly lower than the experimental value due to underestimation by
GGA-PBE functional analysis [42]. On the contrary, the calculated value for MoS>
was a little higher than the experimental data but lower than for monolayer MoSo,
which is consistent with the previous conclusions based on GGA-PBE calculations
[43]. As a direct semiconductor, the band-gap energy of BiOBr/MoS: catalyst is about
1.03 eV and is lower than for pure materials, owing to the closely-bonded interaction
and successful formation of heterojunctions. Generally, the indirect band-gap property
is unfavorable for carrier migration and energy can be lost in the form of phonons
during transfer between valence band and conduction band. Herein, the direct
BiOBr/MoS; heterojunction significantly promotes the utilization of energy and
catalytic efficiency compared to pristine BiOBr and MoS: with direct band-gaps.
Furthermore, light absorption is an additional vital measure of catalytic efficiency,
which is determined by the real and imaginary parts of dielectric constant. The related
formulas are expressed as follows:

g(w) = &'(w) + ie" (w) (1)

H(w) = ﬁw[\/(g'(w))z + (g”(w))z _ Er(w)]lfz (2)

It can be noted that the light absorptivity (1) is mostly affected by the imaginary
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part (£"). As shown in Fig.6c, the structure of the heterojunction exhibited strong
absorption ability at visible and near-infrared wavelengths, and the main absorption
peak (at about 2.3 eV) is located in the energy range of visible light (1.76-3.11 eV),
implying good performance of heterojunction structures in real-world service
environments. In addition, the band edge position of BiOBr/MoS, was still more
negative than that of superoxide radical potentials (-0.33 eV), which possess excellent
oxidative capacity under visible light radiation.

Based on the above analysis, the pathway of photoexcited carriers in
photo-systems followed a Type-11 band alignment transfer. Specifically, both BiOBr
and MoS; can be excited and generate e and h* under visible light illumination. An
internal electric field was correspondingly formed in the constructed BiOBr/MoS;
composite, leading to the transport of e~ from the CB of MoS; to BiOBr, with the
migration of h* from the VB of BiOBr to MoS;, which exhibited a Type-Il charge
migration mechanism. The strong interfacial coupling could induce fast carrier
transfer and then efficiently adsorb the organic substrates to be decomposed. Due to
the more negative conduction band energy (-0.51 eV) of BiOBr than that of O2/-O2
(-0.33 eV), photogenerated electrons can absorb the oxygen (O2) and then reduce it to
highly active -O2" radicals. Afterward, active -O2" and h* species with remarkable
oxidative potential could degrade various aromatic organic contaminants into small
molecules. Moreover, photoexcited electrons and exposed Mo(lV) reducing sites
could simultaneously participate in the catalytic reduction (Cr(VI) — low toxic
Cr(111)), resulting in superior photocatalytic oxidic-ability and reducibility of
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429  BiOBr/MoS; catalyst.
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432 Fig.6 (a) Top-view and side-view of BiOBr/MoS; heterojunction; (b) Dielectric constant

433 imaginary part (IR: infrared region and UR: ultraviolet region); (c) Band edge position of-O, of
434 BiOBr, MoS; and BiOBr/MoS; catalysts; (d) Electronic potential drop and energy band structure
435 of MoS,, BiOBr and BiOBr/MoS: catalyst.

436 After introduction of PMS into the BiOBr/MoS,/hv system, the oxidative
437  performance further improved. To investigate the main oxidative species in
438 BIOBr/MoS2/hv/PMS system, electron paramagnetic resonance (EPR) spectra were
439  acquired with the help of 5,5-dimethyl-pyrroline N-oxide (DMPO) agent. As shown in
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Fig.7a, the EPR spectra of DMPO--OH (aN=14.9G, aH=14.9G) and DMPO-SO4"
(aN=13.2G, aH=9.6, 1.48 and 0.78G) [44] can be clearly detected after 10 min with
visible light irradiation and introduction of PMS, demonstrating that SO4~ and -OH
were both involved in the PMS/hv system. Besides SOs - and -OH, a weak
characteristic signal of 'O, was observed via the triplet EPR spectra using
2,2,6,6-tetramethylpiperidine (TEMP) as a spin-trapping agent (Fig.7b). Noting that
the densities of SO, and -OH were much higher than O, it can be deduced that SO,
“and -OH played major roles in the BMS-2/PMS/hv system. To further quantitatively
analyze the effects of SO4~ and -OH radicals, the sacrificial agents methanol and
tert-butanol (TBA) were added. Generally, methanol can capture both hydroxyl
radicals (Kmethano-on =1.5~2.5%10° Ms?) and sulfate radicals (Kmethanolisos-- =1.5~
7.5%10” M1s1). For the sacrificial agent of TBA, it also could react with both
hydroxyl radicals (ktea.on =3.5~7.5%10% Ms?) and sulfate radicals (Krsasoa-
=4.0~9.0%10° Ms?) [35]. However, due to the reaction constant of -OH being far
higher than for SO4", the sacrificial effect on SO4~ by TBA can be ignored. Moreover,
owing to the fact that SO4™ can be easily transformed into *OH via equation 3, to
determine the dominant reactive radicals in the PMS/hv system, TBA and methanol
were both added. As shown in Fig. 7c, the degradation efficiency was inhibited
19%/50% when 0.05 M TBA/methanol was introduced into the system, respectively.
It can be inferred that the calculated ratio of SO4to -OH was about 2.6:1, indicating
that SO~ could provide more contribution to the degradation rate than that of -OH.
As the methanol concentration increased to 0.5 M, the removal rate further decreased
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to 31.2%, illustrating the significant role of sulfate radicals in the decomposition of

organics.
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Fig.7 (a) EPR spectra of DMPO--OH and SO4", (b) EPR spectra of TEMPO-10,, (c) Effects of
TBA and methanol on the removal of pollutant, (d) Effect of h* and e" in the BiOBr-MoS,/PMS/hv
system and (e) Inhibitory effect of h* before and after addition of PMS. Reaction conditions:

catalyst=0.5 g/L, [PMS]=1 mM (photo-Fenton), pollutants=20 mg/L.
25



471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

In the process of PMS activation, PMS can not only act as an electron acceptor
and then convert to SO4~ and -OH (equation 4), but also as an electron donor to
produce 1O, (equations 5 and 6) [45]. To reveal the internal reactive mechanism in the
BiOBr/MoS; system, quenching experiments were conducted using triethanolamine
(TEOA) and AgNOs as h™ and e quenchers, respectively. As depicted in Fig.7d, in the
presence of TEOA or AgNOs, an obvious inhibitory effect on pollutant degradation
was observed, implying that both PMS and visible light made a contribution to the
catalytic process. In comparison with holes, the electrons played a more important
role in the BiIOBr/MoS,/PMS/hv system, indicating that the majority of e” participated
in the process of PMS activation. Furthermore, the inhibitory effect of holes before
and after addition of PMS was also explored. After introduction of PMS and TEOA,
the oxidative effect of holes was improved (Fig.7e), which is attributed to the
consumption of e- by PMS and more efficient separation of photoinduced h*-e™ pairs.
These results indicate that more photoexcited electrons were transferred to the
electron acceptor of PMS and then facilitated the generation of SO4~and -OH radicals,

which was consistent with the EPR analysis.

S04 +H20—SO4+-OH+H* (3)
PMS(HSOs") +&— SO4™/-OH (4)
PMS(HSOs) -6—SOs+H* (5)
SOs5+H,0—HSO4+0; (6)

It is known that transition metal sulfide MoS, with multiphase (1T/2H) and
multivalent molybdenum (1V, V and VI) can effectively activate PMS conversion and
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maintain a persistent Fenton-like reaction by the stable active sites [15]. Moreover,
the radicals formed via PMS activation undergo an electron transfer process, while the
corresponding metal ion can be transformed from low valence to high valence, such
as Fe, Co, Cu and Mn [46, 47]. Similarly, benefiting from the above-mentioned merits,
transition metal Mo ion sites may play an essential role in PMS activation and radical
generation in the PMS/hv system for organic pollutant removal. Herein, to clarify
whether and how phase and valence variations happened, high resolution XPS spectra
of Mo 3d before and after reaction were measured. As shown in Fig.8a, four
characteristic peaks appeared at 228.27, 229.15, 231.44 and 232.37 eV and were
identified to 1T and 2H phases of Mo(IV) 3dsz and Mo(IV) 3dap, respectively.
Correspondingly, the ratios of two phase (1T/2H) were estimated to be 5.86 and 1.88
via the deconvolution of Mo XPS signals. Generally, the coexistence of 1T/2H phases
in MoS; favors the light response that occurred in the 2H phase and the catalytic
behavior occurred in the 1T edge sites. Due to the 1T phase being an active phase, the
high content of 1T is conducive to PMS adsorption with high adsorption energy and
promote the PMS cleavage with low Gibbs free reaction energy [15]. Notably, treated
by an amount of PMS, the ratio of 1T/2H phases for the used MoS> decreased to 3.66
and 1.72, and a small fraction of Mo(VI) located at 235.39 eV emerged in the Mo 3d
spectra. This phenomenon implied that active 1T phase participates in the reaction and
partial low-valence Mo(IV) was transformed to Mo(V1) during PMS activation, which
is a favorable configuration for BiOBr/MoS; catalysts for decomposing pollutants.
However, no obvious Mo(V) was observed after reaction, which is ascribed to the
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515 rapid conversion from Mo(IV) to Mo(V) and further oxidation to Mo(VI). This
516  phenomenon validated that Mo(IV) in heterojunctions is an essential active site for

517  PMS activation.
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519 Fig.8 High resolution of XPS spectra of Mo 3d in BiOBr/MoS; before and after PMS activation
520 under visible light illumination

521 On the basis of above characterizations and analysis, a plausible mechanism
522 for BiOBr/MoS; heterojunctions with PMS activation was proposed, as shown in
523  Fig.9. In the BiOBr/MoSz/hv system, the constructed closely-bonded 2D/2D Type-II
524  heterojunction augmented charge separation as well as inhibited the photoinduced
525  h™-e recombination. The CB potential of BiOBr is more negative than the standard
526  redox potential of O2/*O2", which means that e” in CB of BiOBr can reduce O to
527 generate * O2" radicals to directly oxidize the pollutants. After addition of
528  peroxymonosulfate, the photo-induced electrons can be trapped by PMS (as an
529  electron acceptor) and then converted into SO4~, resulting in more efficient h*-e
530 separation and carrier transfer, as confirmed by photocurrent response and EIS
531  measurement [48]. The remaining h* in the heterojunction correspondingly manifest
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improved oxidative capacity compared with photocatalysis. Simultaneously, the PMS
can be also activated by Mo(IV) into SO~ and Mo(IV) transformed into high-valent
Mo(VI) species. The formed diffusible SOs4 - could further yield *OH via an
interconversion (SOs4 "+H20—SOs+*OH+H") and participate into the oxidation
process. Besides, the Mo(IV) with low valence can reduce Cr(VI) into low toxicity
Cr(111) [49], which gave a synergistic effect with photoinduced e". The corresponding
reactions in the BiOBr/MoS2/PMS/hv system are illustrated as follows:

Part I: BiOBr/MoS;+hv—h*+e-

e+0,—02"

e +HSO5—S04 +OH"

e +Cr¥*—Crét

Mo*+Cr®* —Mo®**+Cr®*

Part 11: Mo**+HSOs5 —Mo°*+S04"

Mo®*+ HSOs —Mo®*+S04™

Mo**+HSOs —Mo°"+S04%+*OH

S04 +H20—SO4+*OH+H"

027/SO4"/*OH/h*+ organic pollutants — small molecules
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Fig.9 Proposed catalytic mechanism of various aromatic organic pollutants in the
BiOBr-MoS,/PMS/hv system

3.5 Practical applications of BiOBr/MoS:; heterojunctions in PMS/hv systems

To explore the practical potential of BiOBr/MoS> heterojunctions, refractory
pollutants phenol (an organic chemical raw material), bisphenol A (a phenolic
endocrine disruptor) and carbamazepine (a tricyclic substance as psychiatric drug)
were additionally studied in this work, which can effectively avoid the interference of
catalyst sensitized by organic dyes [50]. As shown in Fig. S10, no degradation of
phenol, bisphenol A and carbamazepine were detected in the absence of catalyst,
illustrating that self-decomposition of these organic pollutants was negligible. Only
with addition of BiOBr, MoS, and BiOBr/MoS; catalysts did the concentration of
various pollutants gradually decrease. In comparison with pristine BiOBr and MoS,
the catalytic efficiency via BiOBr/MoS; heterojunctions significantly improved,
which achieved an ultimate degradation rate of about 62.1, 72.5 and 85.5 % for
phenol, bisphenol A and carbamazepine, respectively. Moreover, the total organic
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carbon removal efficiencies of phenol, bisphenol A and carbamazepine reached 43.6,
49.8 and 50.3%, indicating excellent oxidative capacity for refractory organic
pollutants.

To investigate the degradation process, HPLC was used for detecting the
concentration and decomposition pathways of phenol in treated solutions. As
presented in Fig.10, the 2D chromatogram of HPLC over BiOBr/MoS; catalyst
indicated that retention time (RT) of the phenol peak was about 2.6 min. As the
irradiation time increased, the characteristic peak intensity gradually decreased and
appeared to be steady after 90 min. During the phenol degradation process in the
PMS/hv system, several new peaks at RT of 2.24, 1.83, 1.76, 1.50 min gradually
appeared, indicating that phenol had been decomposed after 30 min, and that new
intermediates were generated. Generally, phenol can be attacked by the
photo-generated h™ and reactive oxygen species such as SO4", ‘OH, and -O2’, and
transformed into o-diphenol, hydroquinone, benzoquinone and other compounds [39].
These molecules could be continually decomposed and converted into other
substances, such as fumaric acid and malonic acid [51], which could be further
mineralized into carbon dioxide and water (Fig.10 and Fig.S11, decomposition
pathway). These superior degradation capacities for phenol, bisphenol A and
carbamazepine measured by UV-vis spectroscopy and HPLC indicated the remarkable
oxidative capacity of BiOBr/MoS; heterojunctions for phenolic and pharmaceutical

pollutant decomposition.
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Fig. 10 (a) The degradation of phenol, bisphenol A and carbamazepine; (b) the HPLC
chromatogram of phenol; (c) the TOC removal efficiency of phenol, bisphenol A and
carbamazepine; (d) the degradation pathway of phenol by BMS-2 via PMS activation under
visible light irradiation. Reaction conditions: catalyst=0.5 g/L, [PMS]=1 mM (photo-Fenton),
pollutants=20 mg/L.
The stability of BMS-2 catalyst was investigated via five cyclic experiments

by visible light assisted-PMS activation. As displayed in Fig.11a, RhB could be
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completely degraded and the degradation efficiency still maintained a stable level
after five consecutive cycles. The slight decrease along the fifth recycling experiment
may contribute to low loss and the generated organic intermediates. Furthermore, the
chemical structure of sample BMS-2 was characterized by FTIR, XRD, XPS, SEM
and TEM before and after the photo-Fenton catalytic reaction. After using five times,
the XRD patterns (Fig.11b) and FTIR (Fig.11c) and XPS spectra (Fig.S12) did not
exhibit obvious modification and the original peaks were preserved very well.
Additionally, the hierarchical structure established by MoS; and BiOBr nanosheets
was not destroyed and the lattice distances were completely in accordance with those
for fresh samples (Fig. S12), underlining the robust prospect of BiOBr/MoS; for large
scale application and recovery.

To explore the industrial application potential of BiOBr/MoS; catalysts, a
scaled-up experiment from 10 mL to 3.0 L was conducted. As shown in Fig.11d, the
BMS-2 composite still exhibited stable catalytic activity for visible light-driven PMS
activation. After 30 min, the degradation efficiency of about 100% was achieved and
the Kkinetics were fitted as a first-order reaction (Fig.S13). The reaction rate constant k,
for the BMS-2 was 5.31 and 4.53 times that of the pristine MoSz and BiOBr catalysts.
The mineralization conversion rates (TOC) were measured in a 3.0 L solution
(Fig.11e) and it was found that efficiency achieved 50.05% during 30 min of
illumination, implying the excellent mineralization ability of BMS-2 photo-Fenton
catalyst. Notably, the mineralization rate was lower than the decomposition rate
(99.9%), which is mainly ascribed to the generated organic intermediates during the
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decomposition process [52]. Moreover, the catalytic capacity of BiOBr/MoS: is also
applicable for various pollutants in the presence of PMS under the 3L scaled-up
experiment, such as phenol, bisphenol A and carbamazepine (Fig.11f), further

highlighting the potential for industrial advanced oxidation processes.
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Fig.11 (a) Stability test of the catalytic activity using BMS-2 in the PMS/hv system, (b) XRD
pattern, (c) FTIR spectrum of BMS-2 before and after five cycles; (d) Visible light-driven PMS
activation for the degradation of RhB in a 3.0-L solution, () TOC mineralization efficiency of
RhB by BiOBr, MoS; and BMS-2, (f) Degradation rate of phenol, bisphenol A and carbamazepine
in a 3.0-L solution in BiOBr-MoS,/PMS/hv system. Reaction conditions: catalyst=0.5 g/L,
[PMS]=1 mM (photo-Fenton), pollutants=20 mg/L.

4. Conclusions
In this work, 2D/2D BiOBr/MoS: heterojunctions are reported as extraordinary
catalysts for PMS activation in photo-Fenton systems. Characterization indicated that

MoS; nanolayers were stably integrated on the surface of flower-like hierarchical
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BiOBr nanosheets, exhibiting rapid charge carrier separation and migration via the
closely bonded Type-Il heterojunction structure. During the BiOBr/MoS,2/PMS/hv
system, the heterojunction exhibited promoted catalytic capacity for various refractory
organic contaminants compared with BiOBr, MoS; and previous reports [53, 54]. The
superior mineralization efficiency and possible degradation pathways of phenol were
further validated. As an electron acceptor, PMS can be effectively activated via
photoinduced electrons and exposed Mo sites with multivalence and multiphase in
composites, resulting in a swift separation of h™-e" pairs, prolonged lifetime of
electrons and higher oxidative ability of holes compared with photo-systems.
Trapping experiments and EPR analysis demonstrated that SO.~, -OH, ‘O2" and h*
simultaneously played major roles in pollutant degradation under visible light
assisted-PMS activation systems. Impressively, this work not only provides an
outstanding catalyst with high stability and excellent scale-up performance, but also
opens a new perspective on PMS activation mechanism. Further study can be
conducted at a larger pilot-scale for practical complexed flowing real wastewater

treatment.
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