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ABSTRACT

Developing efficient catalysts for persulfate (PS) activation is important for the potential application of sulfate-
radical-based advanced oxidation process. Herein, we demonstrate single iron atoms confined in MoS, na-
nosheets with dual catalytic sites and synergistic catalysis as highly reactive and stable catalysts for efficient
catalytic oxidation of recalcitrant organic pollutants via activation of PS. The dual reaction sites and the in-
teraction between Fe and Mo greatly enhance the catalytic performance for PS activation. The radical scavenger
experiments and electron paramagnetic resonance results confirm and SO," ~ rather than HO" is responsible for
aniline degradation. The high catalytic performance of Fep3sM0g 64S2 was interpreted by density functional
theory (DFT) calculations via strong metal-support interactions and the low formal oxidation state of Fe in
Fe,Mo1.,S. Fe,Mo1.,S2/PS system can effectively remove various persistent organic pollutants and works well in
a real water environment. Also, Fe,Mo,.,S, can efficiently activate peroxymonosulfate, sulfite and H,O,, sug-
gesting its potential practical applications under various circumstances.

1. Introduction

pollutants is strongly desired during water treatment and wastewater
reclamation process. Advanced oxidation processes (AOPs) are believed

Developing technologies for efficient removal of persistent organic as one of the most promising technologies to obtain this goal. Hydroxyl
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radical (HO"), which is highly reactive towards nearly all persistent
organic pollutants, is the most used oxidants generated from ozone or
H,0, in AOPs. Using ozone as a HO" source require complex and high-
cost ozone generation system which hinders its large scale application
(Lee et al., 2017). H,O, generate HO via Fenton process (Fe2* +
H,0,—> Fe** + HO" + OH™), which requires acidic pH (Chakma and
Moholkar, 2014). Thus, a large amount of acid and base is needed for
pH adjustment. Sludge production and disposal during Fenton process
is also a great environmental concern (Zeng et al., 2019).

Sulfate radical (SO4 ~) has been recently recognized as one of the
most highly reactive oxidants, as superior as hydroxyl radical (HO"), for
degradation of organic pollutants in AOPs. Persulfate (PS) has been
widely utilized as a precursor to generate sulfate radicals. PS can be
activated via various catalysts, alkaline, heat, UV irradiation and elec-
trochemical method to generate SO, ~ (Ahmad et al., 2013; Johnson
et al., 2008; Furman et al., 2010; Kim et al., 2018; Matzek et al., 2018).
In contrast to the high energy consumption and high chemical dosage
for most of these activation methods, transitional metal-based catalyst
has been proved to be efficient and cost-effective to activate PS in po-
tential practical applications (Zhang et al., 2013). Transitional metal
ions dissolved in homogeneous solutions are one type of efficient cat-
alysts for PS activation (Huang and Huang, 2009). Unfortunately, the
formation of metal sludge and the potential health hazards caused by
free metal ions in water is of great concern. Thus, a variety of metal
nanomaterials have been developed and used as heterogeneous cata-
lysts for the activation of PS (Rong et al., 2019; Xu et al., 2019; Zhou
et al., 2019; Liu et al., 2014). Metal nanomaterials are relatively stable
for catalysis and can be reused after separation from the treated water.
However, the low activity is always the issue compared to homo-
geneous metal ions (Zhang et al., 2018). The intrinsic reason is that PS
activation only occurs on the surface of metal nanomaterials, and any
metal atoms inaccessible by PS molecules are not involved in the cat-
alytic process. Single-atom catalysts (SACs), with atomically distributed
active sites on supports, are believed to have the advantages of both
homogeneous catalysts (high reactivity) and heterogeneous catalysts
(stable, easy to separate and reuse, no secondary pollution) in water
treatment applications (Chen et al., 2018). Application of SACs in AOPs
has been scarcely studied although it is one of the most promising
strategies to maximize the efficiency of AOPs in potential practical
applications (Li et al., 2018; Guo et al., 2019; Yin et al., 2019; An et al.,
2018).

The surface free energy is extremely high for SACs, thus the ag-
gregation of SACs is a big problem during their application. This pro-
blem can be solved by anchoring single metal atoms on suitable catalyst
support (Zhang et al., 2018). Various supports have been developed to
confine SACs, including 3D (carbon, metal oxide, MoC, metal-organic
frameworks etc.) and 2D supports (graphene, g-C3N4, and MoS,) (Lin
et al., 2013; Pei et al., 2015; Qiu et al., 2015; Yan et al., 2015; Jones
et al., 2016; Li et al., 2016; Liu et al., 2016; Yin et al., 2016; Wang et al.,
2019; Sun et al., 2019). SACs confined in 2D supports have several
unique features compared to 3D supports such as more coordinatively
unsaturated single atoms, expedited mass-transfer on both sides of the
2D structure, and the well-defined 2D motif allowing catalytic perfor-
mances interpreted theoretically (Wang et al., 2019). Also, the inter-
action between SACs and supports significantly influence the activity,
selectivity, and stability of the catalysts (Zhang et al., 2018). Recent
studies have shown that MoS, can act as co-catalyst in homogeneous
Fenton-like reaction (Xing et al., 2018; Liu et al., 2018). Thus, we hy-
pothesize that Fe SACs confined in 2D MoS, support may lead to strong
SACs-supports interaction and lead to high activity in AOPs.

In this work, we report the in-plane doping of single Fe atoms in 2D
MoS, with various Fe content (designated as Fe,Mo;_,S,) and demon-
strate that Fe,Mo;,S, is a highly active catalyst for PS activation,
thereby leading to complete mineralization of aniline, a persistent or-
ganic pollutant widely detected in surface and ground waters. The high
activity of Fe,Mo, S5 derives from the synergistic catalysis between the
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atomically distributed Fe and Mo sites, as revealed by experiments and
theoretical calculations. Sulfate radicals are demonstrated to be the
major reactive oxygen species responsible for the oxidative degradation
of aniline. Furthermore, the Fe,Mo,_,S>/PS system can degrade a wide
range of other persistent organic pollutants and work well in a real
water environment, testifying the great potential of Fe,Mo; ,S»/PS
system for practical water treatment applications.

2. Materials and methods
2.1. Chemicals and materials

The Fe,Mo;.,S> nanosheets were synthesized via a biomolecule-as-
sisted hydrothermal synthetic route (Chang and Chen, 2011; Miao
et al., 2015). FeSO47H,0, Na,M0042H,0, and L-cysteine were used as
iron, molybdenum and sulfur source, respectively. A 200 mL aqueous
solution consists of Na,M0042H50, FeSO47H,0 and L-cysteine were
used as a precursor for hydrothermal synthesis. The Fe,Mo;_,S, with
different x was synthesized by varying Na;MoO,2H,0/FeSO47H,0
ratios of 1/1, 1/3 and 3/1 with the sum of molar amounts at 12.5 mM.
The concentration of L-cysteine was 66 mM for all the synthesis. MoS,
was synthesized using 12.5 mM Na,Mo0042H,0 and 66 mM L-cysteine,
and FeS catalyst was synthesized using 12.5mM FeSO47H,0 and
66 mM L-cysteine. The synthesis was carried out in a 300 mL autoclave
at 200°C for one day. The as-synthesized Fe,Mo;,S, catalyst was
thoroughly washed with 1 M H,SO4, Milli-Q water and ethanol (EtOH)
via filtration/re-suspension to remove any unreacted residual salts. Fi-
nally, the washed catalysts were dried in an oven at 65 °C and stored in
a desiccated vessel at inert atmosphere until further use.

2.2. Catalytic reactions

Degradation of aniline and other selected organic pollutants were
carried out to evaluate the catalytic performance of Fe,Mo;_,S>/PS
system. The concentration of organic pollutants was 10 uM and a cat-
alyst dosage of 0.01-0.2 g/L was used. The PS, peroxymonosulfate,
sulfite and H»0, stock solution was always freshly prepared. The initial
reaction pH was adjusted to 3-8 using NaOH and HCI solutions. The
reaction was initiated by adding 0.1 —2 mM sulfite or peroxide. Once
the degradation was initiated, 2 mL samples were withdrawn from the
reaction suspensions at given time intervals and immediately quenched
by 50 uL. EtOH. The quenched sample was filtered and analyzed by a
high-performance liquid chromatography (HPLC, 1220 Infinity II,
Agilent, U.S.A). For the reuse of the catalyst, the catalysts were col-
lected by filtration at the end of each experiment, washed 2-3 times
with ultrapure water and EtOH, vacuum dried, and then used for the
next cycle.

2.3. Analytical methods

Aniline, Orange II, Estriol (E3), benzoic acid, p-chlorobenzoic acid,
nitrobenzene and propranolol were determined using HPLC equipped
with a C18 column. The analytical conditions including mobile phase
composition, wavelength, and retention time are shown in Table S1.
Orange II was determined using a photospectrometer at wavelengths of
485 nm. The degradation products of aniline were determined by gas
chromatography-mass spectrometry (GC-MS, QP2010, Shimadzu,
Japan). Total organic carbon (TOC) analysis was performed on a TOC
analyzer (Analytik Jena multi N/C 2100). Samples were pre-con-
centrated via freeze drying followed by TOC determination. X-ray
photoelectron spectra (XPS) were obtained using a Kratos Axis Ultra®?
instrument, and all binding energies were calibrated to adventitious C
(284.8 eV). High-resolution transmission electron microscopy (HRTEM)
and high-angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) images were obtained using an image sphe-
rical aberration-corrected TEM system (FEI Titan 60-300) with an
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accelerating voltage of 300kV. Scanning electron microscopy (SEM)
images were observed by a Quanta 200 microscope (FEI Company,
USA) operating at 10 kV. X-ray diffraction (XRD) data was obtained by
using a Malvern Panalytical X-ray diffractometer (XPert Pro). The
possible reactive radicals produced in the system were identified by
electron paramagnetic resonance (ESR), and 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) was used as a spin trapping agent.

2.4. Theoretical calculations

Density functional theory (DFT) calculations were performed by
using the Vienna Ab-initio simulation package (VASP) (Kresse and
Hafner, 1994; Kresse and Furthmiiller, 1996). The ion-electron inter-
actions were described by the projector augmented wave potential
(Blochl, 1994). General gradient approximation is used as the exchange
and correlation functional parameterized by Perdew, Burke, and Ern-
zerhof (Perdew et al., 1996). The plane-wave basis sets with an energy
cutoff of 520 eV and the k-point densities > 20 A in the reciprocal space
were used in all calculations (Monkhorst and Pack, 1976). For struc-
tural relaxation, the force on each atom is converged below 0.01 eV
A~1. To avoid periodic image interaction, a vacuum separation of 30 A
was used to isolate the system.

3. Results and discussions
3.1. Experimental and theoretical characterization of Fe,Mo01.,S2

STEM images show Fe,Mo, S has a nanosheet morphology similar
to MoS, (Fig. 1a). No nanoparticles or distinct clusters can be observed
by TEM, implying impurities such as ferrous sulfide does not exist in
Fe,Mo1.,S,. EDS elemental mapping in HAADF-STEM images demon-
strates the homogeneous distribution of Fe, Mo, and S in the Fe,Mo;_,S»
nanosheets (Fig. 1b-d). The atomically dispersion of Fe atoms in MoS,
matrix was evidenced by the dispersed white dots in the MoS, matrix
observed by spherical aberration-corrected HRTEM. These white dots
could be assigned as single Fe atoms (Fig. 1e). The relative low contrast
observed in our work compared to Pt or Pd doped MoS, is attributed to
the small difference of atomic numbers between Fe and Mo (Deng et al.,
2015; Luo et al., 2018). The HRTEM image shows distinct ripples and
corrugations which is typical for MoS, (Huang et al., 2017). The ob-
served layer spacing (~0.67 nm) corresponding to the (002) plane is
slightly larger than that of standard MoS, (~0.62nm) (Fig. 1f). A si-
milar observation of enlarged interlayer spacing was reported with Ni-
doped MoS, (Miao et al., 2015).

To explore the stability of Fe,Mo,.,S> catalyst, we calculated the
formation energy of the Fe-doped systems. The formation energy of the
Fe,Mo1.,S5 is calculated by

AE; = EFexMol_xSZ + XEpmo — (EMOSZ + XEFe) (@D)]

where Ereomo, s, and Eys, are the energy of Fe,Mo,.,S, and MoS, per
formula unit, respectively. Ey;, and Eg. is the energy of per Mo and Fe in
bulk form, respectively. The formation energy of Fe,Mo;,S, was
plotted as shown in Fig. 2, indicating that the decreasing stability of
Fe,Mo,.,S, as the Fe-doping concentration increases.

3.2. Catalytic performance

The oxidative degradation of aniline was investigated to evaluate
the performance of the Fe,Mo;_,S, catalyst for PS activation (Fig. 3a).
The removal of aniline was negligible in the presence of only
Feo.36M0¢.64S2 or PS, excluding the possibility that Fep 36Mo0g 6452 or
PS alone is capable of degrading aniline. Hence, it is the activation of
PS catalyzed by Fey3sMo0g ¢4So that is responsible for aniline de-
gradation in all our studied systems. Using pristine MoS, as a catalyst,
the aniline degradation is slow and not complete in 60 min, indicating
the moderate activity of the pristine MoS, for PS activation. The Fe2p
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and S2p spectra of the as-synthesized FeS suggest that Fe has the
oxidation state of +2 and S has the oxidation state of —2 (Figure S1),
which are the same as in Fej 36Mo0g 64S2. However, the catalytic per-
formance of FeS is even worse than MoS,, with only 14 % of aniline
removed after 60 min. The doping of Fe sites in MoS, significantly
accelerates the aniline removal. The removal efficiency increases with
the Fe content in Fe,Mo,.,S, and is saturated at x = 0.36, demon-
strating the important roles of both Fe and Mo sites in Fe,Mo;_,S,,
probably acting synergistically in catalytic PS activation. Also, too
high Fe content lower the structural stability of Fe,Mo;.,S, as de-
monstrated by the theoretical calculation. Thus, Feg 36M0g ¢4S2 was
regarded as the optimum catalyst and used in the following experi-
ments.

In the system of Feg 36M0g 64S2/PS, aniline was removed completely
within only 20 min (Fig. 3a). Moreover, total organic carbon (TOC)
disappeared within the same period (Fig. 3b), which is in line with the
aniline degradation curves and indicates the complete mineralization of
aniline to CO, and H,O. The higher standard error in TOC measurement
compared with aniline mearsument could be attributed to the low
aniline concentration (10 uM) and the uncertainties due to evaporation
of aniline during the freeze drying process. In contrast, no obvious
aniline degradation was observed in the MoOs/PS, Fe,03/PS, and
Fe304/PS systems (Fig. 3c). These results suggest the high activity of
Feo.36Mo0g 64S2 for PS activation, leading to efficient pollutant de-
gradation.

We observed the gradual leaching of Fe and Mo ions into solution
while using Feg3Mogg4S2 for PS activation (Figure S2a). After
20 min, a period for the complete aniline degradation, 1.18 mg/L of
Mo and 1.16 mg/L of Fe ions were detected in the solution, corre-
sponding to ~1 % of the dosage of Fey 36M0g ¢4S» catalyst. Using such
concentration of Mo ions to catalyze homogeneously PS activation
results in negligible aniline gradation, while in the case of 1.16 mg/L
of Fe, ~20 % of aniline degraded after 20 min, significantly lower
than the aniline degradation efficiency (100.0 %) observed in
Feg.36M0¢.64S2/PS system (Figure S2b). In reality, the concentrations
of Fe and Mo ions are lower than these numbers during the reaction
course catalyzed by Fe 36M0g 64S», which hints that even less aniline
degrades via homogeneous activation of PS. Thus, the homogenous PS
activation by leached Fe and Mo ions has only a small contribution to
aniline degradation compared with heterogeneous PS activation by
Feg.36M0g.64S2. Our further investigations found that the dissolved Fe
combines with MoS, or Fe,Mo;_,S» could enhance the activation of PS
(Figure S3). It suggest that MoS, or Fe,Mo;,S, act as co-catalyst
during the activation of PS by Fe? ™. Similarly, MoS, has been reported
as co-catalyst during Fenton reaction, i.e. the activation of H,O, by
Fe®", in previous publications (Xing et al., 2018; Liu et al., 2018).
MoS, could facilitate the rate-limiting step in Fenton process (reduc-
tion of Fe>™ to Fe?™) via reaction (Fe>™ + Mo** — Fe?™ + Mo®™).
This co-catalytic mechanism is similar to ours except that the Fe**/
Fe?* and Mo**/Mo®* redox cycle occur within the two-dimensional
MoS, structure in our work (see below). Although dissolved Fe com-
bines with MoS, and Fe,Mo,.,S, could enhance the activation of PS,
the concentration of Fe in reaction solution is still relatively high
which may result in secondary pollution and sludge formation. Our
results demonstrate that doping of MoS, with single Fe atoms could
convert the homogeneous catalytic system to heterogeneous one. The
concentration of Fe ions in reaction solution can thus be significantly
lowered while retaining the high catalytic performance in homo-
geneous system.

In order to investigate the reusability of the Feg 36Mo0g 645> catalyst,
the catalyst was recycled five times and the catalytic performance was
evaluated (Fig. 3d). During the first four cycles, the degradation effi-
ciency of aniline was all above 80 %. The degradation efficiency of
aniline was still about 50 % in the fifth cycles. It indicates the relatively
good reusability and stability of Feg 36M0g 4S5 for PS activation. Three
degradation products other than CO, and H,O were observed by
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Fig. 1. Morphologic characterization of Fe,Mo;_,S> (x = 0.36) catalyst. (a) STEM. (b-d) STEM-EDS chemical maps of S, Mo and Fe. (e-f) HRTEM images.

GC-MS (Figure S4). These degradation products could adsorb on the 3.3. Identification of radicals

Feo.36Mo0g 64S2 catalyst surface, which may block the active site for PS

activation in the followed run. Subsequently, a decrease in catalytic The ESR signals detected in the Fey3Mo0g 64S2/PS system are the
performance was observed if the catalyst was reused. combination of DMPO-SO,; ~(aN = 13.9G, aH = 10G, aH = 1.48G,
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Fig. 2. Theoretical characterization of Fe,Mo, .S, catalyst. (a) Ilustration of Fe,Mo,_S» with varying Fe-doping concentration (x = 0.00, 0.25, 0.50, 0.75 and 1.00).
(b) Corresponding formation energy as a function of x.
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Fig. 3. Catalytic performance of Fe,Mo ., S, for
PS activation. (a) Aniline degradation in
Fe,Mo0,.,S2/PS systems. (b) Change of total
organic carbon during aniline degradation in
Feg 36M0g 64S2/PS  system. (c) Aniline de-
gradation in different systems. (d) Reuse of
Feg 36MO0g 645> catalyst in Feg 36M0g 64S2/PS
system. [Aniline], = 10puM, [PS]o = 1 mM,
catalyst dosage = 0.1 g/L, pH = 4.0.
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(a) (b) 1.0 Fig. 4. Identification of radicals in
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aH = 0.78 G) and DMPO-HO" (aN = aH = 14.9 G) (Fig. 4a). Thus, it
can be concluded SO, ~ and HO" were generated in Feg 36Mo0g ¢4S2/PS
system. In order to understand which type of radicals play the major
role in aniline degradation, EtOH and tert-butanol (TBA) were selected
as scavengers to quench radicals in the system. In the presence of
100 mM TBA as HO" scavenger 10,000 times of aniline concentration,
the aniline degradation efficiency is as high as 83.8 % after 60 min
reaction (Fig. 4b). It demonstrates HO has little contribution to aniline
degradation. In contrast, the aniline degradation efficiency was only
27.3 %, 23.4 % and 11.4 % with the addition of 100 mM, 200 mM and
500 mM EtOH, respectively (Fig. 4b). Therefore, it is suggested that
SO," ™ rather than HO" is mainly responsible for aniline degradation in
Fe0,36M00,6452/PS system.

3.4. Influence of reaction parameters

Effect of pH, PS concentration, and Fe, 3sMog ¢4S, dosage on aniline
degradation in Feg 36Mo0g 64S2/PS system have been investigated. A
general trend was observed that the PS activation by Fep 36M00.64S2 is
more efficient under acidic conditions than under neutral or alkaline

conditions (Fig. 5a), and the pH variation during reaction is shown in
Figure S5. The highest aniline degradation rate was observed at
pH = 4.0 with an initial degradation rate r, of 0.71 uM/min. This
phenomenon is probably due to the different active sites on the catalyst
surface and different aniline species under varying pH conditions
(Figure S6). Firstly, Fe species on the surface of Fey 36Mo0g ¢4S2 may be
protonated and mainly exist as > Fe-(H30),"* (> denotes the catalyst
surface) during reaction at pH 4.0. A positively charged catalyst surface
is prone to attract the negatively charged S,052~ via electrostatic in-
teraction, which favors the electron transfer between > Fe-(H;0),,"*
and S,04%~. When pH increases to near neutral, the Fe species on
Feo.36MO0g 64S2 catalyst may exist as > Fe-(H,0),,. The less positively-
charged or neutral catalyst surface weakens the electrostatic attraction
between Feg 36M0g 6452 and S,0g2~. When pH further increased to al-
kaline conditions, Fe becomes negatively charged > Fe-(OH),," sur-
face complex. The possible electrostatic repulsion between > Fe-
(OH),,"~ and S,042~ inhibited the contact between Feg 36M0g 6452 and
PS, unfavoring the subsequent radical production for aniline degrada-
tion. Secondly, aniline becomes protonated at pH<4.6 (pKa = 4.6).
The electrostatic attraction between the positively charged aniline

(a) 1.0 (b) 1.0+
0.81 0.8
—<4—pH 9.0 ——pH 8.0
—v—pH 7.0 ——pH 6.0
o 0.6 —e—pH50—=—pH40| _ 0.6
Q Q
© 0.4 4 S 0.4-
0.2 0.2
0.0 0.0
0 10 20. 30 .40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)
(©) 1.0
0.8
- 0.64
Q
© 041
0.2
0.0 1
0 10 20 30 40 50 60
Time (min)

Fig. 5. Influence of reaction parameters on aniline degradation in Fe,Mo; ,S»/PS system. (a) pH. (b) PS concentration. (c) Fep 36M0q 64S» dosage. [Aniline], = 10 puM,
Fep.36M0¢ 645> dosage = 0.1 g/L (if needed), [PS]p = 1 mM (if needed), pH = 4.0 (if needed).
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molecules and the negatively charged S,0g%~ may favor the aniline
degradation at pH 4. It should be noted that the effect of pH variation
(from pH 4.0 to 9.0) on the MoS, catalyzed PS activation is limited as
reported by a recent publication (Zhou et al., 2020). Thus, it is rea-
sonable that the effect of pH variation on Fe,Mo;_,S,/PS system was
similar to the Fe catalyzed Fenton-like system.

The PS concentration also influences aniline degradation in
Feo.36MO0g.64S2/PS system (Fig. 5b). When the concentration of PS in-
creases from 0.1 mM to 1 mM, the aniline degradation rate increases
from 0.18 pM/min to 0.71 pM/min. Further increase of the PS con-
centration from 1 mM to 2mM leads to a decrease of aniline degrada-
tion rate to 0.56 pM/min. Although PS is important for radical gen-
eration in Feg 36M0g ¢4S2/PS system, excessive PS may react with SO, ~
to form S,0g"~ with low oxidative capability (Reaction 2). A too high
concentration of PS results in the competition between PS and aniline
for SO, ~, unfavoring the aniline degradation in Feg 36Mo0g ¢4S2/PS
system.

S04~ + $,05* = S0,> + 8,05~k = 5.5 X 10° M~ 'S™! @

Besides, the degradation efficiency of aniline increases with the
Feo.36MO0g 64S2 dosage in Fey 36Mo0g 64S2/PS system (Fig. 5¢). The reason
for this phenomenon may be that increasing the dosage of
Feo.36MO0g 64S2 nanomaterials can provide more catalytic active sites for
PS activation, thereby increasing the yield of SO,"~ and enhancing the
degradation efficiency of aniline.

3.5. Potential application and versatility of Fe,Mo;.,S2 catalyst

Chloride anion is abundant in natural waters. The presence of Cl~
promotes the aniline degradation indicating the high reactivity of
Feo.36MO00.64S2/PS system under natural environment (Fig. 6a). The
possible reason for this phenomenon is that C1~ can react with SO, "to
form Cl" (Reaction 3) which form HOCl' ~ subsequently (Reaction 4).
The presence of CI' and HOCI" ™ oxidative radicals can thus enhance
aniline degradation.
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SO, ™ + Cl” =Cl'™ + 8042  k=27x108M"1s7! 3)

Cl,” + H, 0> HOCl,’™ + H" + SO, " k=8x10°M"1s7! (4)

Furthermore, real surface water was collected from the East Lake
(Wuhan, China), filtrated with 0.45 pm membrane and used in the ex-
periment. The water quality of the sampled water is shown in Table S2.
Aniline can be completely degraded in Fep 36M0¢ 64S2/PS system within
20 min in synthetic wastewater, while the complete removal of aniline
in natural water background was achieved after 60 min (Fig. 6b). The
produced radicals may be consumed by various organic matter dis-
solved in real surface water, which may inhibit the degradation of
aniline in Feg 36Mo0g 64S2/PS system. This speculation is confirmed by
our experimental observation that humic acid (a chemical produced by
decaying plants) can inhibit aniline degradation in Feg 36M0g 64S2/PS
system (Figure S7).On the other hand, the degradation of aniline in the
real water was accelerated if the PS concentration was increased from
1 mM to 2 mM (Fig. 6b), even faster than that with 1 mM PS in synthetic
wastewater. This is because PS with sufficient concentration can pro-
duce sufficient radicals for both aniline and various dissolved organic
matter in natural water. Therefore, high degradation efficiency of or-
ganic pollutants in real polluted water may be obtained by increasing
the PS dosage.

To explore the potential practical application of Fe,Mo;.,S>/PS
system in the degradation of various organic pollutants, six target
pollutants, i.e. orange II, estriol, benzoic acid, p-chlorobenzoic acid,
nitrobenzene and propranolol, were chosen as target pollutants. Orange
II is a non-biodegradable dye pollutant in dying industrial wastewater
causing serious environmental pollution. Estriol is a widely used es-
trogen, which interferes with the endocrine function of organisms.
Benzoic acid, p-chlorobenzoic acid and nitrobenzene are extensively
used in the chemical industry, which are persistent organic pollutants
widely found in the environment. Propranolol is a cardiovascular active
pharmaceutical ingredient. As an emerging organic pollutant, propra-
nolol is widely detected in surface waters. All these organic pollutants
can be efficiently removed (Fig. 6¢), demonstrating the great potential
of Fe,Mo1.,S,/PS system in practical water treatment.

Fig. 6. Potential practical application and
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In order to further investigate the potential application of
Fe,Mo;,S; in other AOP systems, aniline degradation in
Feo.36M00.64S2/HSOs ~, Fe 36M0g 64S2/H202 and Feg 36M0g 64S2/S05>
system was investigated. Aniline was completely degraded in
Feo.36M0g.64S2/HSOs~ system within 40 min, while the aniline de-
gradation efficiency in Feg 36M0g 64S2/H205 and Feg 36M0g 6452/S05%
system after 60 min were 54.3 % and 23.4 % respectively (Fig. 6d). The
results show Fe,Mo, S, is a versatile catalyst for most AOP systems.

3.6. Mechanism for PS activation by Fe,Mo;.,S>

3.6.1. Catalytic center and stability of Fe,Mo01.,S>

The electron transfer in Fe 36Mo0g ¢4S2/PS system includes electron
transfer between i) Fe and PS, ii) Mo and PS, and iii) Fe and Mo within
Feg.36MO0g 64S2. Fe or Mo both need to be in the reduced form i.e. Fe(II)
or Mo(IV) to activate PS. This is evidenced by the results that Fe;04/

(@
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MoS, rather than Fe,O3/MoOs3 can activate PS (Fig. 3c). Fe(II) and Mo
(IV) in Fep 36Mo0g 6452 can both be oxidized by PS to form SO, ~ (re-
action 5-6). More importantly, > Mo(IV) can reduce > Fe(III) with the
formation of > Fe(II) and > Mo(VI) (reaction 7). The Fe(II)/Fe(III)
cycle is thus established, which is essential for the continuous produc-
tion of SO, ~.

>Fe(l) + S,0g2~ — >Fe(lll) + SO42~ + SO, ~ (5)
>Mo(IV) + S$,0g2~ = >Mo(VI) + SO42~ + SO, ~ (6)
>Fe(ll) + >Mo(IV) = >Fe(Il) + >Mo(VI) @)

XPS spectra of Feg 36Mog 645> catalyst was analyzed to further in-
vestigate the catalytic mechanism. The binding energies of the Fe 2p5,,
peak at 707.4 eV suggest most of the Fe atoms in Fey 36M0q 64S2 have an
oxidation state of 2+ (Fig. 7a). This exclude the presence of metallic Fe
consisting of Fe-Fe bonding, which has a binding energy of 706.7 eV.

(b)
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Fig. 7. Identification of catalytic center in Fe,Mo;.,S, by high resolution XPS spectra along the reaction course. (a-b) Fe2p, (c—d) Mo3d and (e-f) Ols.
[Aniline]o = 10 uM, [PS]p = 1 mM, pH = 4.0, catalysts was collected and characterized after 0 min-30 min reaction.
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Fig. 8. Structural stability of Feg 35M0g 64S> catalyst in Feg 36M0¢ ¢4S2/PS system. (a) High resolution S2p XPS spectra, (b) XPS survey spectra, (c-d) SEM images of
Fep.36MO0¢ 645> catalyst before (c) and after (d) reaction. [Aniline], = 10 uM, [PS]p = 1 mM, pH = 4.0, reaction time = 60 min.

The exclusion of Fe-Fe bonding suggest the atomically distribution of Fe
atoms in MoS, matrix. The Fe 2p3,» spectrum was fitted with closely
spaced iron(II) and iron(III) multiplet peaks, and iron surface&satellite
peak (Fig. 7a). The much larger areas of iron(II) multiplet peaks than
areas of iron(III) multiplet peaks confirm the domination of Fe?* in
Feg.36M00.64S2. The position of the Fe 2ps3,, peak during the reaction
has been monitored to further reveal the possible Fe redox cycle in
Feg.36M00.64S2. The back and forth shifting of the Fe 2p5,, peak position
during the reaction demonstrate the cycling of Fe(II)/Fe(III) catalytic
sites during reaction (Fig. 7b, reaction (5) and (7)).

The Mo3d spectrum can be fitted with two peaks at 231.9 eV and
228.7 eV for Mo(IV) 3d3,» and Mo(IV) 3ds,,, respectively (Fig. 7c),
which confirms an oxidation state of 4+ for Mo in Feg 36M0g 64S2. The
Mo(VI) 3ds3,, and Mo(VI) 3ds,» peaks at 235.6 eV and 233.0 eV suggest
the possible oxidation of Mo(IV) in air. The decrease of Mo"V/Mo"! ratio
from 4.03 to 2.78 after reaction confirms the oxidation of Mo(IV) by Fe
(III) and PS as shown in reaction (6) and (7) (Fig. 7 c—d). In addition,
the peak at 226.2 eV is derived from S 2 s orbital (Fig. 7c).

The peak maximum of O1 s XPS spectrum at 532 eV demonstrate the
valence state of O in Feg 35Mo0g 64S- catalyst is —2. It is reported that
active oxygen species such as surface 0>~ and OH™ play an important
role in oxidation reaction. Thus high-resolution Ols spectra of
Feo.36Mo0g 64S2 catalyst during the reaction was investigated. The Ols
spectra were resolved into three peaks located at 531, 532 and 533 eV
which can be assigned to 0%~, OH™ and H,O, respectively (Huang
et al., 2013). The relative contribution of 0>~ and OH~ changed after
reaction, indicating both O?~ and OH~ was involved in the catalytic
reaction (Fig. 7e-f). The increase of surface OH~ during reaction may
result from the formation of Fe—OH groups or O, adsorption on
Feo.36MO0g 6452 surface, and the decreased O?~ may be oxidized by Fe>™*
with its reduction to Fe?™ (Ren et al., 2015).

The two peaks at 163.1eV and 161.7 eV observed in S2p spectra
demonstrate the —2 oxidation state of S in Feg 36M0g 64S2. The S 2p
spectra are the same before and after the reaction (Fig. 8a). It is

speculated that $>~ would be oxidized by PS to S° or SO,>~, which
would release into the reaction solution. However, the involvement of S
redox cycle can be excluded since there is no strong reductant in the
system to reduce S° or SO,*~ back to S*~. On the other hand, the si-
milar XPS survey spectra, the relatively constant chemical composition
and morphology of the Fe, 34Mog ¢4S- catalyst before and after reaction
suggests the release of S atoms from the catalyst during reaction is
negligible (Fig. 8b-d). Although the constant chemical compositions
and similar SEM images may suggest the stability of the catalyst, the
oxidation of Mo(IV) to Mo(VI) in the catalyst after reaction indicate the
stability of the catalyst during the reaction is not excellent. The oxi-
dation of Mo(IV) after the reaction may resulted in the declined cata-
lytic performance of Fey 36Mo0o 64S- after reuse for three times (Fig. 3d).
Thus, regeneration of Mo(IV) from Mo(VI) (e.g. by adding reductants) is
advised to maintain the high activity during the reused of the
FeoA36M00‘64SZ Catalyst.

3.6.2. DFT calculations

The Bader charge of Fe atom in Fej36Mo0g ¢4S2 and Mo atom in
pristine MoS, lose 0.69 e~ ! and 1.06 e, respectively (Henkelman
et al.,, 2006), indicating the amount of charge transfer of Fe in
Feo.36M0g.64S2 is ~35 % smaller than that of Mo in MoS, (Fig. 9).
Moreover, after the Fe doping of MoS,, electrons on Mo atoms and S
atoms decrease ~4 % and ~6 %, respectively (Fig. 9). These results
suggest the perturbation of the electronic structure of MoS, upon Fe
doping, which may trigger the catalytic activity of MoS, especially for
the presumably catalytic inert in-plane area of MoS, (Wang et al., 2019;
Deng et al., 2015). The charge transfer (0.69 e~ 1) between the confined
Fe atoms and MoS, support indicate a strong metal-support interaction,
which play an important role in preventing the single Fe atoms from
aggregation (Zhang et al., 2018). Moreover, the interaction may lead to
a fast charge transfer between Fe and Mo during catalysis.

The local electronic properties of the atomically distributed Fe
atoms in MoS, support is essential for the catalytic activity of Fe. The
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Bader charge: Mo (-1.06), S(0.53)
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Fig. 9. Charge density and Bader charge transfer of atoms in (a) pristine MoS, and (b) Feg 36M0g 64S2.
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Fig. 10. Schematic illustration for the mechanism of aniline degradation in Fe,Mo;.,S2/PS system.

high resolution Fe2p 3/2 peak at 707.4eV indicate a possible +2
formal oxidation state of Fe in Fe,Mo;_,S» (Fig. 7b). On the other hand,
the charge transfer of single Fe atoms in the local environment may
differ even with similar binding energy in XPS (Raebiger et al., 2008).
Thus, we compare the difference on Bader charges transfer of Fe atoms
between Feg 36Mo0g 64S2, FeO and Fe;O;. The charges transfer of Fe
atoms follows the order of Fep36M0¢64S2> < FeO < Fe,O3 (Table S3),
which indicate the lowest formal oxidation state of Fe in Fe,Mo;_,S,.
This is in line with the highest reactivity of Feg 36M0q 645> followed by
Fe304 (FeO + Fe,03) and Fe,03 (Fig. 3c). Indeed, the low formal oxi-
dation state of single Fe atoms possessing high reductive strength may
favor the activation of PS oxidant.

Finally, the mechanism for the degradation of aniline in Fe,Mo;_,S>/
PS system can be proposed (Fig. 10). Fe(Il) and Mo(IV) in
Feg36M0g64S2 can both activate PS to form SO, ~. More im-
portantly, > Mo(IV) can reduce > Fe(Ill) to > Fe(Il) for the con-
tinued production of SO, ~. The generated highly oxidative SO4 ™ can
effectively mineralize aniline to CO, and H5O.

4. Conclusion

Two-dimensional MoS, confining single Fe atoms (Fe,Mo; ,S>) was
synthesized to activate PS for aniline degradation. Aniline can be
complete mineralized to CO, and H,0 as confirmed by the TOC ana-
lysis. Feg 36Mo00.64S2 shows good reusability and stability during PS
activation. Fe,Mo;.,S2/PS system can effectively remove various per-
sistent organic pollutants and Fe,Mo;_,S, show high reactivity in most
AOP systems. The slightly decreased degradation efficiency of aniline in
real polluted water can be compensated by increasing PS dosage. The
PS activation by Feg 36Mo0g ¢4S2 is more efficient at acidic conditions
than at neutral and alkaline conditions. The radical scavenger experi-
ments and ESR results confirm the production of SO,~ and HO’

10

radicals, and SO, ~ rather than HO" is responsible for aniline de-
gradation. It was found that the Fe and Mo catalytic sites in Fe,Mo;_,S>
act synergistically in catalytic PS activation. Fe(II) and Mo(IV) in
Fep.36MO0p 64S5 can both activate PS to form SO, ~. > Mo(IV) can
reduce > Fe(Ill) with the formation of > Mo(VI) and > Fe(Il) in
Feo.36MO0g 64S2, and the as-generated Fe(1I) is essential for the continued
production of SO4 ~. The high catalytic performance of Feg 36Mo0g ¢4S2
was interpreted by DFT calculations via strong Fe metal atoms-MoS,
support interactions and the low formal oxidation state of Fe in
Feg.36MO0g 64S2. Thus, Fe,Mo, S5, with synergistic Fe and Mo sites, is a
versatile, efficient and stable catalyst in practical AOP-based water
treatment processes.
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Figure S 1. High resolution Fe2p and S2p spectra of as-synthesized FeS reference

catalyst.
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Figure S 2. (a) Dissolution of Fe and Mo ions during reaction course (b) Degradation
of aniline in homogeneous system. [Feo3sMoo.s4S2Jo = 0.1 g L™, [PS]o = 1 mM,

[Aniline]o = 10 uM, pH 4.0.
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Figure S 3. Effect of dissolved Fe*" on aniline degradation in MoS2/PS (a) and
Fe036M00.64S2/PS (b) systems. Added [Fe*"]=1.16 mg/L, [MoS2]=[Feo.36M00.64S2]o =
0.1 gL', [PS]o=1 mM, [Aniline]o = 10 uM, pH 4.0. The concentration of Fe*" in (b)
could be double the concentration in (a) due to the release of Fe from Feo.36Mo00.64S2.
Subsequently, the addition of the same amount of Fe’" may resulted in much greater

enhancement in Feo36Mo00.64S2/PS system than MoS2/PS system.
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Figure S 4. Aniline and possible degradation products observed by GC-MS.

Figure S 5. Change of pH with different initial pH during the reaction course.
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[Aniline]o=10 uM, Feo.36Mo00.64S2 dosage = 0.1 g/L, [PS]o=1mM.
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Figure S 6. Distribution of Fe species on Feo.36Mo00.64S2 catalyst surface at different

pHs.

1.0+

—— (0 mg/L —v— 2 mg/L —— 4 mg/L
—o— 8 mg/L —=— 10 mg/L

0.8 1

00.6'

C/C

0.44

0.2 1

0.0

(I) 1I0 2IO 3I0 4IO 5I0 6I0

Time (min)
Figure S 7. Influence of humic acid on aniline degradation in Feo.36Mo00.64S2/PS
system [Aniline]o=10 uM, [PS]o=1mM, [humic acid]o= 0-10 mM, pH=4.0. The
inhibiting effect of humic acid on the system is mainly due to the fact that its

structure contains large number of aromatic and aliphatic rings with carboxyl,

hydroxyl and carbonyl functional groups, which can be easily attacked by SO4™
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and HO' radicals. Humic acid compete with AN for radicals andthus inhibits AN

degradation in FexMoi1xS2/PS system.

Table S 1. HPLC analysis methods for organic pollutants

Injection
Organic Flow rate  Absorption
Eluent (v/v) volume

pollutants (mL/min) (nm)

(uL)
aniline Methanol/water=30/70 100 1 220
estriol (E3) Methanol/water=40/60 100 1 280
benzoic acid Methanol/water=50/50 100 1 227

p-chlorobenzoic 100
Acetonitrile/water=50/50 1 234

acid
nitrobenzene Acetonitrile/water=45/55 100 1 254
Propranolol Acetonitrile/water=40/60 100 1 230
Consist of 10mM K2HPOa4.

Table S 2. Water quality of water sampled from East Lake

Total Total
Total organic carbon
nitrogen phosphorus Uv2s4 pH
(mg-L™")
(mg-L™) (mg-L™)
33.38 0.89 0.08 0.013 8.52
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Table S 3. Charge transfer of Fe atoms in Feo36Mo00.64S2, FeO and Fe,Os.

Atoms Feo.36M00.64S2 FeO FexO3

Fe —-0.6779 —-1.3205 —-1.3764
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